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FOREWORD 


This  publication  includes  individual  papers  of  Damping ‘91  held  February  13-15, 1991,  San 
Diego,  California.  The  Conference  was  sponsored  by  the  Wright  Laboratory,  Flight 
Dynamics  Directorate,  Wright-Patterson  Air  Force  Base,  Ohio. 

It  is  desired  to  transfer  vibration  damping  technology  in  a  timely  manner  within  the  aerospace 
community,  thereby,  stimulating  research,  development  and  applications. 
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The  ’Society -of  Damping  Technology’  in  Japan  and  the  Activities 

with  the  trends  of  the  damping  materials  &  technology  in  Japan 


Abstract 

The  development  activities  of  damping  materials  and  their  technologies  in 
Japan  have  been  given  an  active  life  speedily  in  the  past  several  years.  As  the 
examples,  the  application  of  damping  materials  to  the  floor  panel  of  motor 
vehicle  body  and  the  utilization  of  laminated  damping  steel  sheets  by  various 
industries  in  Japan  will  be  reviewed  in  this  report. 

then,  a  report  will  be  made  on  the  activities  of  Society  Damping 
Technology  in  Japan,  a  society  which  was  inaugurated  with  the  background 
situation  as  indicated  in  the  above.  Among  various  activities  performed  by  the 
society,  a  report  will  be  made  particularly  on  the  outline  of  round  robin  test 
which  was  conducted  by  the  society.  The  report  will  be  concluded  by  a  summary 
of  t’..v  future  trends  to  be  realized  in  Japan  and  the  role  of  the  society  to  be 
played  in  the  accomplishment  of  such  targets. 


1  Background 

1.1,  The  Trends  of  Damping  Materials  in  Japan 

Stimulated  by  the  enforcement  of  the  regulations  for  the  prevention  of 
environmental  pollution  by  the  Japanese  Government,  particularly  of  the  noise 
control  regulations  on  motor  vehicles,  the  application  of  damping  materials  has 
been  iupidly  and  widely  spread  among  various  industries  in  Japan.  This  trend 
has  been  further  enhanced  by  the  fact  that  the  industries  become  aware  that  the 
reduction  of  vibration  and  noise  in  products  will  heighten  the  value  of  their 
products  in  the  market. 

It  has  been  realized  that  an  appropriate  damping  effect  can  be  achieved  by 
an  addition  of  damping  material  (  such  as  free  layer  bonding  type  )  or  by 
replacement  (  such  as  laminated  damping  steel  sheet  )  without  altering  a 
structure  of  product  to  a  large  extent. 

Damping  mechanism  and  material  characteristics,  however,  are  not  known  well 
by  the  people  in  Japan  except  for  a  certain  number  of  technical  experts  and 
researchers.  When  an  application  of  damping  material  is  not  made  appropriately, 
the  damping  effect  could  be  reduced  drastically  or  sometimes  may  bring  an 
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advert  effect-  and  ends  up  with  a  wrong  appraisal  being  cast  upon  it.  Having 
such  a  situation  in  the  background,  interests  in  damping  materials  among  the 
industries  in  Japan  had  been  increased  to  an  extent  that  Society  of  Damping 
Technology  in  Japan  was  inaugurated. 

In  the  following,  an  application  of  damping  material  to  the  floor  panel  of 
motor  vehicle  body  and  a  utilization  of  laminated  damping  steel  sheet  by 
various  industries  in  Japan  will  be  discussed. 

1.2.  Application  of  Damping  Material  to  Floor  Panel  of  Motor  Vehicle  Body 

The  historical  trend  of  patent  application  in  Japan  for  the  damping 
materials  for  a  use  of  damping  floor  panels  of  motor  vehicle  body  is  shown  in 
Fig. 1 .  (1)  Applications  fnr  materials  used  for  sound  absorption,  sound 
insulation  and  damping  are  included  in  this  figure  and  the  hatched  portion  in 
it  corresponds  to  the  number  of  patent  application  for  the  damping  materials. 
It  is  obvious  that  the  number  of  patent  application  increased  quite  remarkablv 
with  the  advent  ofl980.  As  stated  in  the  above,  the  trend  clearly  shows  the 
heightening  of  technical  interests  in  noise  reduction  obviously  as  the  result 
of  the  stimulation  given  by  the  enforcement  of  noise  control  regulation. 

Fig.  2  shows  the  historical  trend  of  noise  level  prevailing  in  the  interior 
of  passenger  cars  produced  and  marketed  in  Japan.  ai  The  chart  shows  that  noise 
reduction  of  some  8  dB ( A)  was  realized  in  the  past  10  years.  This  is  obviously 
the  result  of  the  application  of  noise  reduction  methods  stated  in  the  above. 

Fig.  3  shows  the  proportions  by  weight  of  noise  control  materials  used  in 
passenger  cars.  (2)  Approximately  half  of  the  weight  is  taken  by  the  damping 
materials.  Majority  of  the  damping  materials  indicated  in  this  diagram  are  of 
asphalt  materials  and  will  be  bonded  as  free  layers  type. 

While  damping  materials  are  used  widely  as  the  principal  means  for  noise 
control,  materials  having  much  better  damping  capabilities  and  lighter  weight 
are  being  sought  after  earnestly  with  an  aim  of  further  reduction  of  noise 
level  as  well  as  vehicle  weight.  In  order  to  achieve  such  purposes,  adoption 
of  composite  materials  and  constrained  layer  damping  system,  foaming  of  damping 
layer,  etc.  have  already  been  tried. 

1.3.  Laminated  Damping  Steel  Sheet 

Fig.  4  shows  the  transition  of  production  volume  of  laminated  damping  sheet 
in  Japan.  ' 2 '  A  sudden  increase  in  production  is  seen  in  the  latter  half  of  80s. 
After  the  enforcement  of  Phase  II  of  the  noise  control  regulation  in  '83,  the 
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use  of  laminated  damping  steel  sheet  for  the  stamp  formed  engine  oil  pan 
was  commenced.  The  consumption  of  the  material  by  the  electric  home  appliance 
industry  was  increased  much  after  they  adopted  it  for  foaming  the  outer  panel 
of  home  washing  machine. 

Fig.  5  shows  the  breakdown  by  weight  of  the  application  of  this  material  for 

various  industries  in  Japan.  i3>  The  consumption  by  the  motor  and  electric 

appliance  industries  are  Dy  far  the  largest,  however,  the  applications  for 
building  materials  and  general  machineries  are  being  increase  gradually. 
Table  1  shows  examples  of  laminated  damping  steel  sheet  application  by  various 
industries.  Obviously  the  materials  are  used  for  noise  reduction  of  various 
products. 

2  Society  of  Damping  Technology  in  Japan 

2.1.  Inauguration  of  Society 

As  elaborated  in  the  above,  the  application  of  damping  materials  for  the 
purpose  of  vibration  and  noise  reduction  has  become  very  popular  in  Japan  and 

the  market  segments  of  products  where  the  super  great  quality  is  given  by 

damping  materials  have  been  expanded.  But  there  are  many  subjects  left  unsolved 
in  the  technical  aspects  of  damping  materials.  Mutual  recognition  of  such 
problems,  efforts  in  exploring  their  solutions  and  deepening  peop I e’ s 
understanding  in  damping  materials  are  essential  for  their  popularization 
and  growth.  Society  of  Damping  Technology  in  Japan  was  inaugurated  for  the 
achievement  of  those  objectives. 

2.2.  General  Policies  of  Society’s  Activities 

The  general  policies  of  this  society’s  activities  shall  be; 

■Activities  will  be  centered  in  the  industries,  that  is,  the  various  seeds 
and  needs  for  damping  materials  and  technologies  present  in  the  industries 
would  be  picked  up  widely  and  discussed  in  various  aspects. 

■  Public  relations  activities  to  be  made  by  each  member  company  in  auxiliary 
to  the  above  activities  will  be  permitted. 


Exchange  of 

informations  and  conver 

sat  ions  between  and 

among  makers, 

users 

and  neutral  < 

o r  g an  i  z.jt  i  cns  <  such  a s 

research  i nst  i  tut i 

ons,  un i vers 

1 1 1  es, 

instrument  ' 

f  a  tv- er  s,  etc.)  on 

the  subject  of  damp 

ing  materials 

wi  1  1 

be  promoted. 

Per.  cb  ;  "I  study  wib  be  made  jointly  on  the  subjects  re  I  at  i  ve  to  the 
damping,  i~.v  e  s  t.  ud  i  e  s  .* ,  i  I  be  made  principally  by  the  study  and  technical 
romm'ttees  1-v:  ir.g  groups  subordinate  to  those  committees. 
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•  Publicity-activities  on  damping  materials  and  technologies  in  such  forms 
as  lecture  class,  issuing  manuals  on  measuring  methods  and  utilization 

technologies. 

2.3.  Organization  of  Society 

The  society  was  inaugurated  in  July  1988  with  the  assistance  of  Tokyo 
Metropolitan  Industrial  Technology  Center.  The  society’s  secretariat  is  located 
in  that  center.  When  the  first  general  assembly  of  the  society  was  held  at  the 
time  of  inauguration,  there  were  39  corporate  members,  6  private  members  and 
3  special  members  making  the  total  of  48  members.  The  society  now  has  the  total 
of  145  members  which  consist  of  120  corporate,  22  private  and  3  special 
members.  The  number  is  still  being  increased  by  the  enrollment  of  several 
new  members  in  every  month. 

Fig.  6  shows  the  main  business  activities  and  involvement  in  damping 
materials  by  the  society  members.  About  a  half  of  the  members  are 
in  nonmetallic  industries  (  many  are  in  polymer  industries  )  and  belong  to 
the  maker’s  side  of  damping  materials.  About  35  %  are  on  the  user's  side  coming 
from  fairly  wide  range  of  industries.  The  rest  are  from  the  neutral 
institutions  and  industries.  In  an  aspect  of  involvement  in  damping  materials, 
it  is  recognized  that  members  representing  many  sections  are  in  a  good 
harmonious  balance. 

Fig.  7  shows  the  organization  structure  and  activities  of  the  society.  Under 
the  executive  committee  formed  by  President,  Vice  President  and  chairman  of 
each  committee,  there  are  a  secretariat  and  5  committees  (  2  in  business 
handling  and  3  in  research  and  study  ).  There  are  number  of  working  group 
under  the  supervision  of  each  research  and  study  committee  and  the  main 
activities  of  the  society  are  pursued  by  these  people. 

2.4.  Activities  of  Research  and  Study  Committees 

Researches  and  studies  in  various  subjects  related  to  the  damping  materials 
and  technologies  are  actually  carried  out  by  3  research  and  study  committees 
together  with  working  groups  (  W/G  )  placed  under  them  as  shown  in  Fig.  7. 

Domestic  and  international  literature  study  W/G  collects  the  I  iteraturuc  and 
papers  on  the  damping  materials  and  technologies  issued  widely  in  Japan  ano 
overseas  countries  mostly  supplied  by  the  members  and  put  them  in  a  data  base. 
Damping  ’89  W/G  was  formed  for  the  study  of  technical  reports  in  Proceedings  of 
Damping  ’89  Conference. 
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Round  r  r-b  <  n  test  ’* '  U  performed  in  the*  last  year  a  round  robin  test  on  a  free 
layer  damping  matt-'.t;  corded  to  st.ee  i  beam  test  piece  .  25  meir.be  r  s  joined  in 

tins  test.  the  oeta :  :  ..  the  test  result  will  be  discussed  later  u;  this 
report.  .I  ■  r  '  a  r  tens  i  ;•  t;>  g  per  Termed  on  i  jm  mated  damping  steel  sheets,  new. 

Standard  study  W/C-  eels  and  studies  the  standards  issued  for  the 

administrate:,  of  duir  :y  character  i  st  i  c  measurement  methods  i  n  many  countries. 
It  will  a  I  sc  be  *  sso  \  ng  a,  measurement  manual  for  the  members  by  comp  i  !  ,ng  the 
results  of  their  udy,  f -e  results  of  round  robin  tests  performed  in 
supplement,  'n:uv  -  (:'»  .  * .  j  ;  a!  sc  be  studies  for  reflecting  them,  into  the 

of  f  c  s  a  ’  star  fi.-r  c  i ;  .■  -  i  ;;*■  damping  characteristic  measurements  in  japan. 

Fxanpies  «<*  r.vy ;  -,r.  rrater  i  a !  application  have  been  announced  to  and 
discussed  b;.  "■>  -”e  .”>•>'  r  r  ofc ;  ems  i  n  the  utilization  technology  unique 

tc  rmc'  ,  r  d  ■  .  .  d  .a  t  *  1  :  be  studied  and  solved  by  such  method  as 
or  gar  1 1 :  '■*’  •  ew  w/h;.  rote:  vehicles  and  building  mater  *  a  I  s. 

2  Pound  Pod.'  s' 

2.1.  .ibject 1  -.u  r:  .  ■  ..: .  ca  I  7est  Conditions 

>.•  ot;  /•  ‘  to  have  each  member  get  mutually  acqua  i  nted 

*  ,  *  he  r  :  ember  ’  ■  i  e  hnic-ai  levels  .  r.  the  measurement  method  and  to  make 

•  ,  -  tne  s.d:;e  • «.  r  a  problems  on  the  measurement  which  have  been  carr  ied  by 

f'V  i  od : .  ;!u i  me  test  results  will  be  further  utilized  in  the 

comp >  1  .it  ‘on  t  nr-  the  measurement  guideline  to  be  issued  for  the 

d  r.!,?  -  '  •  inert  s.  fney  will  also  be  used  ir  the  society’s 

• .  '•  *  ‘  •  c  •  a. '  s  t  a  ruja  r  d  i  i  a  t  <  on  of  damping  characteristic 


Du-ided  with  f  ree  i.iye?  d.-;r;  rig  materials. 

i  r*f  hBR  l.s'  y  tut  .vi ;  ere  rubber;  ; 


Vu  '  » , 


Fig.  8  shows  all  measurement  data  obtained  by  the  cantilever  method.  As  the 
end  clamping  was  not  rigid  enough,  dispersal  of  damping  characteristic  m 
bending  mode  of  first  order,  where  the  influence  of  boundary  condition  is 
largest,  is  noted.  It  was  also  revealed  that  several  test  data  contained 
problems  due  to  data  analysis  by  FFT  (Fast  Fourier  Transform). 

Fig.  9  shows  a  graph  in  which  data  with  the  above  problems  are  all  omitted. 
The  dispersal  of  damping  characteristic  measurement  data  is  also  made  smaller. 
The  results  of  measurement  by  the  members,  except  for  data  B  of  an  original 
steel  beam  having  a  small  loss  factor  '/-value  ,  are  fundamentally  consistent 
even  though  somewhat  smaller  data  dispersal  is  still  evident.  Further  study  to 
explore  the  cause  of  such  dispersal  is  required. 

3.3.  Both  End  Free  with  Center  Excitation  Method 

All  measurement  data  obtained  by  both  end  free  with  center  excitation  method 


are  shown 

in  F  i g.  10. 
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Fig.  11  shows  the  excitation  structure  applied  in  the  test.  The  method  in 
which  a  nut  is  used  for  clamping  as  shown  in  the  figure  will  present  a  problem 
in  processing  the  damping  layer  at  the  portion  where  it  is  tightened  by  the 
nut,  for  example,  damping  layer  is  cut  or  tightened  together  with  steel  sheet. 
In  a  method  where  an  extension  rod  is  used,  it  is  noted  that  the  bending  mode 
of  steel  beam,  the  main  target  of  measurement,  tends  to  be  mixed  with 
unnecessary  mode  because  the  excitation  structure  is  not  installed  accurately 
on  the  center  of  a  test  piece. 

Fig. 12  shows  the  graph  where  the  data  containing  problems  are  ail  omitted. 
As  in  the  cantilever  method,  all  the  measurements  are  consistent  except  for 
data  B.  Further  exploration  is  also  necessary  to  the  cause  of  data  dispersal 
still  left  on  this  graph. 

3. A. Summary 

All  the  results  obtained  from  the  round  robin  test  performed  by  the  r  .  , 
t  h  '  s  t  i  me .  except  hi;  the  data  of  steel  beam  having  sra  I  i  er  v.  ■  va  I  ue  .  sr.:  e- 
than  0.01)  and  for  the  measurement  data  in  which  the  cause  of  large  dispersa1 
is  c'arif.ed.  are  found  to  be  fundamentally  consistent  with  each  other .  it 
means  that  as  long  as  tre  basic  rules  for  the  measurement  are  carefully 
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observed,  a  dispersai  of  measurement  can  be  minimized. 


The  values  shown  in  Fig.  9  to  12  are  consistent  with  each  other  and  the  fact 
suggests  that  the  variation  due  to  different  methods  of  measurement  can  also  be 
minimized. 

However,  some  signit  i  ca  nt  dispersal  of  data  is  still  present  even  after 
those  data  are  screened  and,  therefore,  further  exploration  is  still  required. 
It  is  intended  that  supplementary  tests  on  the  dispersal  of  data  on  steel  beam 
bonded  with  free  layer  damping  material  and  round  robin  on  laminated  damping 
steel  sheet  will  be  carried  out  in  this  year  for  the  clarification  of  the 
subjects  and  problems  associated  with  the  measurement  methods. 

4  Cone ! us i on 

4.1.  Damping  Materials  and  Technologies  in  Japan 

(1)  The  product  value  of  damping  material  has  been  recognized  by  the  people 
quite  recently. 

©They  are  very  effective  means  for  the  reduction  of  noise  and  vibration. 

©The  spreading  of  use  has  been  expedited  by  turning  them  into  massproduct i on. 

(2)  New  problems  have  appeared,  on  the  contrary. 

©The  damping  method  alone  can  not,  in  many  cases,  insure  a  satisfactory 
results. 

©Improvements  in  the  ratio  of  cost  and  weight  vs  V  -value  and  in  the  total 
performance  of  the  materials  are  required. 

(3)  Under  the  circumstances,  the  future  course  shall  be; 

©High  performance 

-  High  77 -value  (loss  factor) 

Free  layer  damping  type  — >  Constrained  layer  damping  type, 

Materia!  improvements,  etc. 

■  Multiple  functions  (multilayers,  composition.) 

©Heightened  rre-  of  employment  technology 

■  F  s  t  ab  I  1  sumenf  ;  :  •  •  ng  technique 

•  Optimum  tie:  1  gn  (ratio  •  t  cost  and  weight  vs  rj  -value) 

■  Bu  i  i  d  ;.j  p  ,  *  *  r 1 1-- 

4.2.  Society's  :  .'  . -e  P:.-:e 
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(1)  Contribution  to  new  developments  in  the  damping  by  the  study  and  research 
works  to  be  made  on  this  subject. 

(2)  Engaging  in  the  publicity  activities  of  the  damping  materials  and 
technologies  to  expand  the  bottom  layer  of  the  needs. 

(3)  Grasping  the  needs  and  seeds  through  the  exchanges  of  information  and 
conversations  among  and  between  the  makers  and  users  of  damping  materials 
and  neutral  institutions  and  industries,  and  feeding  them  back  to  all 
members. 

4.3.  Final  Conclusion 

It  is  my  great  honor  and  pleasure  to  have  been  given  an  opportunity  of 
making  a  presentation  on  the  trend  of  the  study  in  damping  and  the 
activities  of  Society  of  Damping  Technology  in  Japan  to  this  conference  in  the 
presence  of  the  most  prominent  people  of  the  damping  technologies  in  the  world. 

It  is  my  strong  personal  belief  that  the  society  in  Japan  should  also  try  to 
enhance  their  international  activities  from  now  on.  I  believe  the  cooperation 
of  all  the  members  present  here  will  be  honored  and  appreciated  by  all  the 
members  of  the  society  in  Japan.  Thank  you  very  much. 
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ABSTRACT 


The  dynamic  response  of  primary  aircraft  structure  to  buffeting  flows, 
high  acoustic  levels,  and  shock  boundary  layer  interaction  has  led  to 
premature  structural  fatigue  failures  on  current  aircraft  and  is  anticipated 
to  be  a  continuing  problem  In  the  future.  Increasing  structural 
strength/stiffness  can  be  a  solution  but  this  approach  adds  weight  *he 
aircraft.  Since  the  problem  Is  dynamic  response,  increasing  the  amount  of 
damping  in  the  structure  can  also  be  a  solution.  If  integral  damping  Is 
considered  as  a  part  of  the  original  design,  a  lighter  weight  design  can 
result.  The  application  of  Integral  damping  to  primary  aircraft  structure  was 
investigated  and  Its  effectiveness  In  controlling  the  primary  structural  modes 
was  assessed.  The  findings  show  the  approach  Is  feasible.  A  simulated 
aircraft  structure  was  tested  with  damping  treatments  applied.  The  most 
promising  damping  concepts  were  then  analytically  evaluated  on  the  F/A-18 
vertical  tall. 
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BACKGROUND 


Adding  significant  damping  to  reduce  tne  primary  structural  mode  response 
of  lifting  surfaces  on  aircraft  can  Pe  challenging.  The  damping  in  these 
modes  during  flight  can  pe  high  due  to  the  aerodynamics  present.  For  example, 
a  10  percent  structural  damping  coefficient  in  the  wing  first  Pending  mode  is 
typical.  Thus,  in  order  to  reduce  the  response  Py  half,  this  aerodynamic 
damping  level  must  Pe  exceeded  if  the  damping  treatment  is  to  be  effective. 

In  1987  as  part  of  McDonnell  Aircraft  Company's  Internal  Research  and 
Development  (IRAD)  program,  a  combined  analytical  and  experimental  program  to 
explore  the  usage  of  viscoelastic  damping  in  primary  aircraft  structure  was 
Initiated.  As  part  of  this  study,  the  F/A-18  horizontal  tail  was  selected  for 
a  primary  structure  damping  treatment,  Reference  1.  The  goal  was  to  cut  the 
stabilator  response  in  half.  The  damping  treatment  consisted  of  a  stiff 
graphite  epoxy  constraining  layer  adhesively  Ponded  to  the  stabilator  by  3M 
ISD-113  viscoelastic  material.  Modal  loss  factors  as  a  function  of 
temperature,  as  predicted  by  analysis  and  as  measured  by  the  experiment,  are 
shown  In  Figure  1.  As  can  be  seen  from  the  figure,  the  measured  damping  is 
considerably  less  than  predicted  from  the  analysis.  The  discrepancy  between 
measured  and  predicted  values  was  attributed  to  only  having  a  60  percent  bond 
between  the  stabilator  and  patch.  The  difficulties  of  applying  a  stiff  sheet 
to  a  sculpted  surface  produced  poor  Ponding,  thus  limiting  the  effectiveness 
of  the  treatment. 


Modal 

Damping 

Percent 


Figure  1.  F  A-18  Horizontal  Tall  Constrained  Layer  Damping  Treatment 

Second  Bending  Mode 


Curing  1988,  as  part  of  the  above  research  program,  several  integral 
damping  treatment  concepts  for  the  F/A-18  vertical  tail  were  analyzed, 
Reference  2.  The  scope  of  the  study  was  expanded  to  Include  not  only  the 
constrained- layer  damping  put  also  dampeo-llnk  and  tuned-mass  damper 
concepts.  In  general,  the  modal  strain  energy  (MSE),  other  than  that 
concentrated  at  the  root  suoport  was  evenly  distributed  throughout  the  skin 
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structure.  This  type  of  MSE  distribution  is  inhibitive  to  layered  damping 
treatments.  The  reason  is  that  a  constraining  layer  thickness  that 
effectively  extracts  MSE  from  the  first  bending  mode  is  unlikely  to  be 
successful  on  the  first  torsion  mode.  Also,  the  F/A-18's  tail  surface  is  not 
conducive  to  a  constrained-layer  damping  treatment  due  to  the  unevenness  of 
the  composite  skin.  The  conclusion  from  this  study  was  that,  none  of  the 
constrained-layer  damping  treatments  produce  the  desired  levels  of  structural 
damping.  The  main  reason  cited  was  that  global  modes  require  a  global 
treatment  unless  concentrations  of  MSE  can  be  identified.  The  damped-link 
failed  to  produce  the  required  levels  of  damping  because  there  was  not  enough 
relative  motion  to  add  any  significant  damping.  Damped-links  are  analogous  to 
a  shock-absorber  and  require  that  their  end-points  have  large  relative 
displacements.  The  tuned-mass-dampers  (TMD)  did  offer  some  promise;  however, 
the  difficulty  in  practically  applying  this  technology  makes  it  the  least 
favorable  alternative.  Some  of  the  inherent  problems  in  the  construction  of 
the  TMD  are  creep  and  displacement  control.  For  the  F/A-18  vertical  tail 
application,  the  most  critical  parameters  are  the  control  of  modes  over  a  wide 
frequency  and  temperature  range.  TMD  designs  are  limited  to  one  condition  or 
one  modal  effect. 

In  a  parallel  effort  to  design  a  damping  treatment  for  the  F/A-18 
vertical  tail,  Reference  3,  a  scaled  test  article  was  developed  to  quickly  and 
economically  demonstrate  the  viability  of  an  add-on  damping  treatment  concept. 
Using  this  test  article,  viscoelastic  tuned  beam  damper  concepts  were 
demonstrated  in  controlling  the  primary  modes.  A  response  plot  with  and 
without  the  viscoelastic  tuned  beam  damper  is  shown  in  Figure  2.  There  is  a 
significant  reduction  in  the  response  of  the  second  mode  with  the  damper 
installed.  The  tuned  beam  damper  was  found  to  be  effective  in  controlling  the 
important  modes  of  the  beam  structure  within  the  weight  limitations. 


Figure  2.  Response  Data  for  Cantilever  Beam  With  and  Without  TMD 
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SUBSCALE  STRUCTURE  STUDY 


■■  -  ••• ;,u'5  studies  had  identified  many  damping  concepts  and  provided 

da'  -.  • -a-  damping  of  empennage  structural  response.  In  continuing  this 

r<- thrust  was  to  investigate.  In  a  more  controlled  manner,  the 
p»ev  ..  .  certified  damping  concepts.  We  used  a  subscale  structure  that 
S’r.j  vibrational  characteristics  of  the  F/A-18  vertical  tail.  Two 

damp  ■  :  ‘.’oatments  were  tested  using  this  subscale  structure  which  is  a  simple 
p :,x  .rcwn  m  Figure  3.  The  box  beam  was  of  a  single  cell  construction 

*ifn  a  a  „m’num  structure.  The  box  beam  is  48  inches  long  (of  which  12 

mcne,  ,  a  support  root)  by  18  inches  wide  and  3  inches  deep.  A  tip  mass 
was  added  simulate  the  lowest  frequencies  of  the  F/A-18  vertical  tail. 


Figure  3.  Single  Cell  Box  Beam  Structural  Configuration 


the  single  cell  box  beam  test  article,  two  damping  concepts  were 
ev-t'„r  i .  a  partial  exterior  add-on  treatment  and  an  integrally  damped 
inter*  •.-  •  treatment.  Modal  and  dynamic  response  tests  were  performed  to 
ver,‘,  ''.'■eased  levels  of  damping  in  the  primary  (first  bending  and  first 
tc  ,  •  >  tr-d  secondary  (panel)  modes  of  the  box  beam. 

'■  s  x  was  tested  in  a  cantilevered  configuration.  Figure  4.  A  complete 
Pa-,*  ’  '  i-sda1  survey  was  conducted  to  establish  frequencies,  mode  shapes,  and 
damp ' "  :  v  ;  ^es  for  the  first  bending  and  torsion  modes  and  the  first  panel 
mode  ‘  skins.  The  mode  shapes,  frequencies,  and  damping  are  shown  in 
i  '■;./,  •  nrce d  vibration  tests  using  random  and  sine  excitation  were 

;p  :  Paring  these  tests  transfer  functions  were  measured  at  various 

r  ■  r  fhe  untreated  structure  to  provide  a  baseline  from  which  the 
req:  .  ‘the  damped  structure  could  be  compared. 
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Figure  4.  Box  Beam  Vibration  Test  Setup 


Frequency:  18.22  Hz 
Exciter  Location:  Station  37 
Damping  Ratio  (C/CC):  0.0281 
Exciter  Force  Level:  6  lb  RMS 


Frequency:  54  76  Hz 
Exciter  Location:  Station  37 
B  Damping  Ratio  (C/CC):  0.0075 

Exciter  Force  Level:  6  lb  RMS 


Frequency:  67.96  Hz 
Exciter  Location:  Station  37 


C  Damping  Ratio  (C/CC):  0.0051 

Exciter  Force  Level:  6  lb  RMS 


Frequency:  79.20  Hz 
Exciter  Location:  Station  37 
D  Damping  Ratio  (C/CC)  0  0066 

Exciter  Force  Level:  6  lb  RMS 


Figure  5.  Mode  Shape  Plots  of  the  Primary  Modes  of  the  Baseline  Box  Beam 
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The  damping  treatments  tested  consisted  of:  a  stand-off  damping  treatment 
applied  to  the  outer  skin,  and  an  adhesive  or  "interface"  damping  layer 
applied  between  the  skin  and  spar-caps.  The  stand-off  treatment  consisted  of 
an  0.080  inch  thick  syntactic  foam  layer  adhesively  applied  to  the  skin  with  a 
0.005  inch  thick  layer  of  3M  468  and  a  double  application  of  0.005  inch  thick 
3M  ISD-112  and  0.010  inch  thick  soft  aluminum  constraining  layer.  Figure  6. 

The  treatment  was  applied  in  12  by  15  inch  sized  patches  to  all  four  exposed 
panel  areas  (top  and  bottom)  on  the  box  beam.  Figure  7. 
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Figure  7.  Stand-Off  Damping  Treatment  on  the  Box  Beam 

For  the  "interface"  damping  treatment,  a  0.02  inch  thick  damping  layer  of 
3M  ISD-113  was  bonded  to  the  spar  caps  and  then  the  skins  were  fastened  in 
place  with  adhesive.  Figure  8.  The  previous  damping  treatment  of  the 
stard-off  material  was  not  removed  (the  effect  on  the  primary  mode  response 
was  minimal  and  the  accelerance  frequency  response  functions  were  less  noisy.) 
The  effects  of  t h two  treatments  were  assumed  to  be  additive,  with  the 
initial  effect  known. 


BAA-6 


Box  Beam  With  Top  Skin  Removed  to  Show  Adhesive 
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Figure  8.  Spar/Skin  Joint  Damping  Treatment  on  the  Box  Beam 


The  vibration  test  results  are  summarized  in  Figure  9.  These  results 
indicate  that  the  exterior  damping  treatment  is  effective  in  reducing  the 
response  of  the  primary  structure,  but  it  is  even  more  effective  in  reducing 
response  in  the  local  panel  modes  of  vibration,  Figure  10.  An  increase  in 
damping  of  29  percent  in  the  first  bending  mode  was  observed.  This  is  a 
significant  increase  in  damping,  considering  that  the  baseline  first  bending 
modal  loss  factor  was  0.064.  A  94  percent  reduction  and  a  77  percent 
reduction  from  baseline  response  in  the  first  and  second  panel  modes  was 
measured. 


Mode 

Shape 

Baseline 

Stand-Off 

Interface 

Freq 

(Hz) 

Modal  Loss 
Factor 

Freq 

(Hz) 

Modal  Loss 
Factor 

Freq 

(Hz) 

Modal  Loss 
Factor 

First  Bending  Primary 

18.22 

0.056 

17.87 

0.092 

19.30 

0.103 

First  Torsion  Primary 

54.76 

0.015 

54.77 

0.026 

44.09 

0.082 

First  Pane!  (Front  Panel) 

67.69 

0.010 

78.89 

0.163 

Not  D 

etermined 

Second  Panel  (Back  Panel) 

79.20 

0.013 

89.03 

0.052 

Not  Determined 
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Figure  9.  Box  Beam  Damping  Test  Results  Summary 
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Config.:  Baseline  Box  Beam  Response:  Station  17 

Exc  Loc:  Station  37/6  lb  rms  Reference:  Force  @  Station  37 


-180 


Frequency  -  Hz 
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Figure  10.  Overlay  of  the  Box  Beam  Baseline  and  External 
Tape  Random  Response  Transfer  Function 


The  interface  damping  concept  increased  the  damping  in  the  first  bending  mode 
and  caused  an  additional  13  percent  reduction  in  response  or  a  39  percent 
reduction  overall  from  the  baseline  response.  The  damping  treatment  was  more 
effective  in  damping  the  first  torsion  mode.  The  combined  effects  of  the 
standoff  and  the  interface  damping  treatments  caused  an  82  percent  reduction 
from  the  baseline  cursion  mode  response.  A  decrease  in  stiffness  of  19.5 
percent  from  the  baseline  torsion  mode  frequency  was  observed  which  was 
observed  by  the  decrease  in  the  modal  frequency  from  54.77  Hz  to  44.09  Hz. 

F/A-18  VERTICAL  TAIL  APPLICATION 

For  the  major  case  of  interest  here,  the  F/A-18  vertical  tail  is 
subjected  to  severe  buffeting  forces  at  angles  of  attack  above  20  degrees. 
These  buffeting  forces  cause  very  high  dynamic  response  in  the  primary  modes 
of  the  tail;  i.e.,  zero  to  peak  amplitudes  in  excess  of  500g  have  been 
observed  in  flight.  If  the  objective  is  to  cut  the  buffet  response  in  half, 
then  the  level  of  structural  damping  in  the  vertical  tail  needs  to  be 
significantly  increased. 

In  order  to  investigate  the  effectiveness  of  damping  to  control  the 
vertical  tail  response  during  buffeting  flow  conditions,  buffet  response 
calculations  were  made  using  simulated  levels  of  structural  damping.  The 
simulated  damping  levels  are  assumed  to  come  from  the  inclusion  of  the  damping 
treatment  to  the  structure.  Unsteady  pressures  during  buffet  were  measured 
during  the  wind  tunnel  program  described  in  Reference  4.  These  pressures  were 
scaled  to  aircraft  size  and  were  used  as  the  forcing  function  in  the  response 
calculation.  The  scaling  method  and  calculation  approach  are  also  described 
in  Reference  4.  The  results  of  the  calculations  are  shown  in  Figure  11.  The 
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F/A-18  Vertical  Tail  Buffet  Response  Predictions 
With/Without  Damping 
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data  are  presented  in  the  form  of  bending  and  torsion  moment  PSD's  for  a  14 
percent  and  66  percent  span  station.  For  the  condition  of  Angle  of  Attack  of 
32  degrees,  Dynamic  Pressure  of  347  psf  and  Mach  Number  of  0.6,  the  first 
bending  mode  dominates  Inboard  bending  moment  responses,  and  the  second 
bending  mode  dominates  the  outboard  bending  moment  responses.  The  overall  RMS 
response  reductions,  (Figure  12),  suggest  that  50  percent  is  the  maximum  that 
can  be  obtained  from  a  damping  Increase  alone. 

As  previously  mentioned,  analytical  studies  for  primary  structure 
damping  treatments  for  the  F/A-18  vertical  tail,  Reference  2,  had  concluded 
that  constrained-layer  damping  could  not  be  effectively  included  because  the 
structure  Itself  was  well  designed  with  no  areas  of  major  strain  energy 
concentrations.  For  the  F/A-18  vertical  tall  application  two  treatments  were 
analyzed.  These  consisted  of  a  "hybrid"  design  of  the  solid  spacer  treatments 
identified  in  Reference  2  and  the  Interface  concept  which  was  tested  using  the 
subscale  structure.  Analyses  of  these  two  treatments  required  extensive 
modification  of  the  existing  F/A-18  dynamic  finite  element  model,  shown  in 
Figure  13,  in  order  to  examine  the  damping  treatments.  The  damping  concepts 
were  each  individually  modeled  and  extensively  analyzed  using  the  MSE  Method, 
Reference  5,  for  various  damping  configurations. 
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Figure  13.  MSC/NASTRAN  Dynamics  Model  of  the 
F/A-18  Vertical  Tall 


INTERFACE  DAMPING  CONCEPT 

The  Interface  damping  treatment  required  that  a  layer  of  shear  deformable 
elements  be  included  between  the  spar  cap  and  skin.  Hence,  an  extra  set  of 
nodes  was  placed  underneath  the  existing  spar  cap  nodes.  This  model  reflects 
the  detail  in  the  primary  load  path  (skin  through  fastener  to  spar)  needed  to 
analyze  the  problem  sufficiently.  In  this  concept,  Figure  14,  a  portion  of 
the  beam  shear  load  Is  transferred  through  the  VEM  located  between  the 
moldline  skin  and  substructure.  The  remaining  load  Is  carried  through  by  the 
fasteners.  In  the  study,  fasteners  were  assumed  to  be  either  widely  spaced  or 
were  excluded  from  the  model.  Both  variations  of  the  interface  concept  will 
be  discussed. 
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Figure  14.  A  Structurally  Integrated  Paaaive  Damping  Concept 


The  interface  layer  was  Included  Into  the  detailed  F/A-18  vertical  tail 
as  a  shear  panel  with  the  transverse  degree-of-freedom  (DOF)  rigidly 
constrained  between  the  spar  cap  and  skin  element  DOF.  When  the  fastener 
effects  were  included,  they  were  modeled  with  rigid  bar-type  elements  in  all 
DOF.  The  treated  areas  of  the  structure  are  shown  in  Figure  15.  With 
fasteners,  this  treatment  only  produced  1.5  percent  and  2.0  percent  MSE  In  the 
first  and  second  bending  modes  and  nearly  8  percent  MSE  in  the  first  torsion 
mode  of  the  vertical  tall.  Without  the  fasteners,  3  percent  and  4  percent  MSE 
were  produced  from  the  first  bending  and  second  bending  modes,  respectively. 
When  no  fasteners  were  assumed  to  be  In  place,  the  modal  strain  energy 
produced  in  the  first  torsion  mode  Increased  to  a  peak  MSE  of  12  percent 
(Figure  16),  but  at  a  subsequent  loss  In  stiffness  of  the  structure  noticed  as 
a  decrease  In  frequency,  Figure  17. 

SOLID  SPACER  DAMPING  CONCEPT 

Previously,  this  concept  had  been  analyzed  in  two  solid  spacer 
arrangements,  Figure  18,  and  neither  concept  showed  any  significant  benefit 
for  further  evaluation.  However,  It  was  thought  that  a  combination  of  fi  two 
concepts,  Figure  19,  would  show  the  necessary  levels  in  damping  that  would 
make  this  concept  a  candidate  for  future  design  application.  Thus,  the 
damping  treatment  was  evaluated. 

The  combination  of  the  three  damping  layers  allows  for  shear  deformation 
to  take  place  in  all  three  layers.  If  only  the  center-plane  layer  existed 
with  the  two  rigid  spacers  rigidly  attached  to  the  skins,  then  no  relative 
shearing  could  take  place  in  that  layer.  This  is  because  the  vertical  tail  is 
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Figure  17.  Interface  Damping  Treatment  With  No  Fasteners 
Modal  Frequency  Dependence  on  Shear  Modulus 
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constructed  of  skin  and  multiple  spar  which  is  thus  quite  rigid  in  shear  v^th 
no  relative  shearing  motion  between  the  skins  of  the  tail.  When  two  skin 
damping  layers  are  held  by  one  solid  spacer,  only  a  minimal  amount  of  damping 
can  be  produced  from  these  layers.  This  is  similar  to  trying  to  damp  a  very 
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either  side.  But,  when  the  solid  spacers  are  decoupled  from  both  skins  and  at 
their  center  plane  by  a  soft  viscoelastic  layer,  dramatic  shear  relief  Is 
exhibited  in  all  of  the  layers.  In  fact,  as  the  center  layer  becomes  weaker 
and  thicker,  the  damping  in  the  skin  layers  will  begin  to  maximize  shear 
effects  by  Increasing  the  amount  of  relative  displacement  between  the  skin  and 
solid  spacer. 


This  treatment  was  applied  continuously  between  the  spars  over  the  shaded 
portions  of  Figure  15.  It  Includes  an  Integral  damping  treatment  for  the 
leading  edge  as  well  as  the  main  torque  box.  Sensitivity  studies  were 
performed  on  the  effect  of  the  shear  moduli  In  the  different  layers  including 
the  shear  stiffness  of  the  solid  spacers.  The  first  bending  mode  has  very 
little  dependence  on  any  of  the  parameters  considered.  Damping  of  this  mode 
Is  heavily  dependent  on  the  stiffness  at  the  root  of  the  tall.  For  the  first 
torsion  and  second  bending  modes,  the  parameters  that  optimize  the  strain 
energy  in  these  modes  is  opposing.  For  Instance,  the  torsion  mode  yields  9.2 
percent  modal  strain  energy  at  a  Gcw -j n/Qcore  *  500  psi/1000  psi,  where  GS|<1n 
is  the  shear  modulus  of  the  skin  side  damping  layer  and  Gcore  is  the  shear 
modulus  for  the  damping  layer  at  the  center  plane,  and  the  second  bending  mode 
maximizes  at  7.7  percent  at  GS|Hn/GCOre  *  20  psl/100  psi.  Finally,  more 
strain  energy  can  be  produced  In  the  bending  modes  when  the  solid  spacer  is 
assumed  to  be  very  rigid.  The  above  studies  assumed  the  shear  modulus  of  the 
solid  spacer  to  be  GSBacpr  “  50°.000  ps 1 .  As  an  upper  limit,  22.0  percent  MSE 
was  produced  in  the  VtM  for  the  second  bending  mode,  4.7  percent  MSE  for  the 
first  bending  mode  and  6.0  percent  MSE  for  the  torsion  mode  when  GSkln/Gcore  = 
20  psl/100  psi  with  a  rigid  spacer,  Gspacer  ■  50  x  106  psi. 

The  negative  aspect  of  this  treatment  Is  that  it  adds  nearly  40  pounds 
per  tail.  This  does  not  reflect  any  optimization  by  placement  or  geometry  to 
reduce  the  weight  penalty.  The  weight  penalty  was  imposed  by  the  use  of  the 
spacers  which  accounted  for  85  percent  of  the  weight  Increase.  These  spacers 
were  modeled  with  solid  finite  elements  which  were  assumed  to  represent  hollow 
tubes  made  of  composite  materials  and  very  stiff  In  shear.  The  overall  weight 
of  the  damping  treatment  could  be  reduced  by  removing  the  treatment  from 
certain  areas  of  the  structure  that  had  little  effect  on  the  modes  of 
Interest.  For  instance  in  the  first  bending  mode,  the  leading  edge  and  lower 
to  mid  tail  regions  contribute  the  most  to  the  damping  increase.  In  the 
second  bending  mode,  the  mid  region  contributes  the  most  to  the  damping 
increase.  In  the  present  vertical  tall  structural  arrangement,  it  would  not 
be  practical  to  try  to  use  this  treatment  in  areas  obstructed  by  wire  bundles, 
hydraulics,  and  fuel  lines. 


CONCLUSIONS 

Viable  integral  damping  concept  have  been  shown  to  merit  further  full 
scale  evaluation.  The  analysis  of  the  interface  damping  concept  shows  that  it 
can  be  tailored  for  specific  damping,  strength  and  stiffness  requirements  by 
altering  the  structure  fastener  spacing.  Evidence  from  the  study  shows  that  a 
reduced  number  of  fasteners  Is  required  for  the  Interface  concept  because 
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aircraft  standards  for  fastener  spacing  along  a  spar  results  in  an  overly 
rigid  structure  which  inhibits  any  shear  relief  through  the  VEM.  The  analysis 
of  the  solid  spacer  concept  proved  the  proof-of-concept  and  showed  that  it 
would  be  a  candidate  for  future  aircraft.  However,  a  damping  concept  of  this 
son  will  neeo  to  oe  considered  in  cne  initial  design  pnase  in  order  to  make 
the  concept  more  weight  efficient. 
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ABSTRACT 


The  purposs  of  this  invastigation  was  to  design,  fabricate, 
and  varify  candidata  add-on  damping  traatmants  for  tha  F-15 
uppar-outar  wing  skin.  Tha  F-15  uppar-outar  wing  skin  has 
axpariancad  high  cyola  fatigua  cracks  oausad  by  saparatad  flow  on 
tha  uppar  wing  aurfaca.  Tha  saparatad  flow  rasulta  during  high 
load  factor  manauvars  and  in  turn  induaas  larga  vibratory  loads 
on  tha  uppar  wing  skin  and  assooiatad  aubstructura .  Tha 
capability  of  tha  F-15  to  sustain  thasa  manauvars  allows  tha 
axcitation  to  occur  for  suffioiantly  long  pariods  of  tima  to 
rasult  in  damaga.  Damaga  acoumulatas  dua  to  tha  rasonant 
vibration  of  local  skin/stiffener  modas  Tha  cracks  initiate  at 
tha  fastanar  holes  adjaoant  to  tha  integrally  machined  "T" 
stiffeners  and  tend  to  propagate  parallel  to  tha  stiffeners.  Two 
damping  traatmants  resulted  from  tha  invastigation  and  are 
recommended  for  F-15  fleet  retrofit.  One  was  an  external 
constrained- layer  treatment  and  tha  other  was  an  internal  "stand¬ 
off"  treatment.  Laboratory  vibration,  corrosion,  and  thermal 
aging  testa  ware  conducted  as  part  of  tha  development  of  the  add¬ 
on  damping  traatmants.  Life  extension  factors  ware  estimated  for 
both  damping  traatmants. 


INTRODUCTION 


The  requirement  for  high  performance  fighter  aircraft  places 
tremendous  demands  on  tha  components  and  materials  from  which 
these  aircraft  are  constructed.  Inherent  with  high  performance 
are  high  vibration  levels.  One  possible  cause  of  large  vibratory 
loads  is  separated  flow.  Saparatad  flew  presents  an 
unpredictable  and  complex  environment.  Within  this  environment 
it  is  often  impossible  to  estimate  the  precise  dynamic  flow 
characteristics  or  loading  conditions  aircraft  components  may 
experience  during  flight.  If  not  properly  accounted  for  in  the 
design  phase,  larga  vibratory  loads  can  rasult  in  high  cycle 
fatigua  and  a  substantial  reduction  of  tha  useful  service  life  of 
the  component.  Skin  type  components,  in  particular  outboard  wing 
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skins,  are  relatively  light  weight  structures  which  are  extremely 
susceptible  to  vibration  response  induced  by  separated  flow. 

The  F-15  upper-outer  wing  skin  (UOWS)  panel  has  experienced 
cracks  resulting  from  high  cycle  fatigue.  The  F-15  aircraft, 
shown  in  Figure  1,  has  sufficient  thrust  to  perform  sustained, 
high  load  factor  maneuvers.  Consequent  separated  flow  over  the 
wing  panel  contains  high-level  broad  band  random  pressure 
fluctuations  and  induces  large  vibratory  response  in  the  UOWS 
panel  and  associated  wing  substructure.  The  resulting  elevated 
stresses  over  time  cause  high  cycle  fatigue  cracks  to  form  in  the 
wing  sk.< n.  Historically,  UOWS  cracking  dates  to  the  late  1970's 
and  early  1980's.  At  that  time,  the  cracks  were  considered  to 
occur  only  over  a  small  portion  of  the  akin  closest  to  the  wing 
tip.  Subsequent  finding  show  that  the  entire  UOWS  is  prone  to 
cracking . 

The  UOWS  was  originally  designed  for  a  service  life  of  8000 
hours.  Unfortunately  the  initial  service  life  realized  was  only 
250  hours.  Several  modifications  were  incorporated  to  improve 
the  fatigue  life  of  the  skin,  including  fortifying  critical 
locations  on  the  wing  skin.  The  modifications  were  initially 
thought  to  have  resolved  the  fatigue  cracking  problem.  In 
reality  these  changes  only  increased  the  life  of  the  skin  to 
approximately  1250  hours.  The  need  still  remained  to  increase 
the  service  life  to  the  original  design  value  of  8000  hours. 

The  purpose  of  this  investigation  was  to  design,  fabricate, 
and  verify  candidate  add-on  damping  treatments  for  the  F-15  UOWS 
which  would  alleviate  the  occurrence  of  fatigue  cracks  caused  by 
separated  flow  on  the  upper  wing  surface  and  increase  the  UOWS 
service  life  to  the  desired  8000  hours.  Two  candidate  damping 
treatments  resulted  from  the  investigation  and  were  recommended 
for  F-15  fleet  retrofit.  One  treatment  was  a  field  installable 
external  system  and  the  other  an  internal  depot  installable 
system.  Neither  system  required  modifications  to  the  existing 
wing  structc*®. 


BACKGROUND 


The  F-15  UOWS  is  machined  from  a  single  block  of  2024 
Aluminum  (Al)  and  consist  of  the  skin,  integrally  machined  "T" 
stiffeners,  and  chemically  milled  pockets  between  the  stiffeners. 
The  thickness  varies  from  location  to  location  on  the  panel, 
however  assuming  a  constant  thickness  of  0.080"  is  sufficient  for 
understanding  the  problem.  Figure  2  shows  the  major  substructure 
for  the  left  wing.  The  UOWS  extends  from  rib  155  to  rib  224,  and 
from  the  front  spar  to  the  rear  spar.  There  are  intermediate 
ribs  at  locations  172,  188,  and  206.  At  rib  188,  the  front, 
main,  and  rear  spars  are  at  10%,  45%,  and  65%  chord. 


respectively .  Collectively,  the  above  mentioned  members 
conatituta  tha  outar  wing  torque  box.  Tha  wing  akin  measures 
approximataly  5  faat  wida  by  7  faat  long  maaauring  along  rib  188 
and  tha  main  apar,  raapaotivaly .  Inboard  of  rib  155  tha  wing  ia 
"wat",  that  ia,  tha  voiuma  ia  usad  for  fuai  atoraga.  Tha  outar 
torqua  box  ia  "dry" .  Blind  thraadad,  fluah  faatanars  ara  uaad  to 
attach  tha  akin  to  tha  rib  and  apar  aubatructura .  A  scrappad 
right  hand  UOWS  ia  ahown  in  Figure  3.  Viaibla  in  Figure  3  are 
tha  intagral  atiffanera,  thair  runout a,  spar  and  rib  fastener 
holaa,  and  varioua  panel  accaaa  hole*.  Stiffeners  ara  numbered 
consecutively  starting  at  tha  UOWS  leading  edge.  Tha  stiffeners 
ara  not  clipped  to  the  ribs  but  ara  allowed  to  move  freely  within 
tha  rib  notch.  Tha  cracks  develop  in  tha  rib  fastener  holes 
adjacent  to  tha  stiffeners.  Predominately,  tha  cracks  initiate 
either  perpendicular  to  tha  riba  or  parallel  to  tha  stiffeners. 

A  damaged  UOWS,  showing  tha  crack  pattern,  is  presented  ir.  Figure 
4 .  Figure  5  shows  close-ups  of  tha  cracks .  Baaed  on  the  crack 
patterns  and  tha  unclipped  stiffener  design,  it  was  concluded 
that  the  UOWS  cracks  were  meat  likely  induced  by  stiffener 
rotation.  Figure  €  givea  a  convenient  shorthand  designation  for 
tha  spar-rib  bays  which  will  be  uaad  throughout  tha  remainder  of 
this  paper  to  aid  the  reader  in  locating  specific  portions  of  the 
UOWS. 


The  UOWS  cracks  are  caused  by  high  cycle  fatigue.  Damage 
accumulates  due  to  resonant  vibration  of  local  akin/atiffener 
modes,  excited  by  external  oscillatory  pressure  resulting  from 
separated  flow.  The  excitation  occurs  during  high  load  factor 
maneuvers.  The  capability  of  the  F-15  to  sustain  these  maneuvers 
causes  the  excitation  to  occur  for  sufficiently  long  periods  of 
time  to  result  in  damage.  Other  investigations  concerning  the 
aerodynamic  characteristics  of  the  F-15  suggest  that  12° 
angle-of-attack  provides  the  moat  severe  disturbances  and 
consequently  the  most  damage. 

The  location  of  UOWS  fatigue  cracks  evolved  during  the 
course  of  this  investigation.  Initially,  the  concern  was  for  the 
web  of  stiffener  4  in  bay  LI  (see  Figure  €)  and  over  rib  206 
between  bays  LI  and  L2.  Next,  it  was  observed  that  cracks  also 
occurred  over  rib  188  between  bays  L2  and  L3.  Finally,  it  was 
learned  that  cracks  occur  over  ribs  188  and  206  between  the  main 
and  rear  spars.  Ribs  188  and  206  themselves  crack,  but  were  not 
specifically  addressed  in  this  study.  The  numerous  access  holes 
in  bays  L4  and  R4  result  in  a  significantly  heavier  structure  and 
made  this  area  less  susceptible  to  fatigue  cracking.  Thus,  with 
the  exception  of  bays  L4  and  R4,  high  cycle  fatigue  cracks  were 
observed  over  the  entire  UOWS  panel . 
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FLIGHT  DATA 


Flight  data  were  gathered  to  obtain  HOWS  response 
information  during  high  load  factor  maneuvers  and  to  assess  the 
effectiveness  of  the  damping  system.  These  test  were  conducted 
by  McDonnell  Aircraft  Corporation,  St.  Louis  MO  (MCAIR) ,  at  the 
request  and  sponsorship  of  Warner-Robins  Air  Logistics  Center. 
Numerous  other  investigations  have  providsd  soms  flight  data 
along  with  data  rsduction  and  analysia .  These  investigations 
showed  thet  obtaining  accurate  UOWS  panel  response  data  was 
highly  dependent  on  whether  the  panei  had  been  installed  properly 
end  the  instrumentation  used  effectively.  Inconsistencies  in 
thess  two  areas,  among  others,  can  easily  lead  the  investigator 
to  erroneous  results,  The  flight  tsst  data  collected  for  this 
investigation  included  the  baseline  response  of  the  F-15  UOWS  as 
well  as  the  ^sspcr.c-s  with  various  candidate  damping 

treatment  configurations.  Strain  gages  placed  on  internal  and 
external  surfaces  of  the  panel  were  used  to  record  the  bulk  of 
the  response  data.  In  some  cases  internal  accelerometers  were 
also  used.  Figure  7  shows  the  location  of  some  of  the  strain 
gages  used  to  obtain  flight  data.  The  atrain  gages  were  mounted 
adjacent  to  stiffener  *4  at  rib  188.  One  was  positioned  between 
the  two  rows  of  rib  188  fastener  holes  and  the  other  was  located 
just  inboard  of  the  fastener  holes.  The  location  and  orientation 
of  these  strain  gages  were  such  that  the  strains  inducing  the 
fatigue  cracks  should  be  measured.  Historically,  many  cracks 
have  been  discovered  along  stringer  #4.  Based  on  past  analyses, 
it  was  observed  that  the  response  data  obtained  at  the 
intersection  of  stiffener  #4  and  rib  188  could  be  used  to 
represent  the  response  over  the  remaining  panel.  Thus,  the 
analyses  performsd  centsred  on  the  UOWS  response  measurements 
taken  at  this  location. 

A  plot  of  ar.gle-of-sttsck  (AOA)  versus  dynamic  pressure  (q) 
is  given  in  Figure  B  for  typical  flight  conditions  for  which  high 
load  factor  maneuver  data  was  gathered.  The  range  of  dynamic 
pressure,  350  par  to  500  psf,  for  the  12°  AOA  shewn  in  this  plot 
illustrates  the  difficulty,  if  not  impossibility,  of  duplicating 
the  service  conditions  for  which  damage  is  induced.  The  power 
spectral  density  (PSD),  shown  in  Figure  9,  is  typ-c:»l  of  the  UOWS 
response  at  the  strain  gage  locations  shown  in  Figure  7  for  sn 
undamped  panel.  Ib.A  flight  conditions  for  this  PSD  were:  11° 

AOA,  5 . 9g  load  factor,  0.80  Mach,  20,000  feet  altitude,  and  424 
psf  dynamic  pressure.  Figure  9  shows  high  strain  levels  occur  in 
the  300  to  400  K  •it'  H  ?. )  band.  It  is  obvious  that  thia  peak 
makes  the  moat  significant  contribution  to  cumulative  high  cycle 
fatigue  crack  da^agu 

Several  damping  treatment  conf igurationa  were  flight  tested. 
The  external  and  internal  treatments  which  «er«  recommended  for 
F-15  retrofit  ware  included  in  the  flight  test  ed  damping 
treatmenta.  Unfortunately  detailed  data  is  not  yet  available  and 
will  not  be  available  before  printing  of  thin  report;  thus  no 


specific  flight  test  results  can  be  presented.  The  preliminary 
fligl  t  test  results  received  from  MCAXR  are  very  promising  and 
appear  to  significantly  improve  the  UOWS  fatigue  life.  MCAIR 
rill  release  the  final  report  near  the  end  of  calendar  year  1991. 
The  above  mentioned  damping  treatments  will  be  discussed  in 
detail  in  the  next  section. 


DAMPING  TREATMENTS 


This  study  investigated  the  performance  of  13  different 
candidate  add-on  damping  treatment  configurations  under 
laboratory  conditions.  For  brevity  only  the  "1980  Damping 
Treatment"  and  the  two  new  damping  treatments  which  were 
recommended  to  Warner-Robins  Air  Logistics  Center  are  discussed 
in  this  section.  Past  damping  experienoe  suggested  that  a 
constrained- layer  type  damping  treatment  would  offer  the  most 
viable,  cost  effective  solution.  A  constrained-layer  damping 
system  consists  of  a  layer  of  viscoelastic  material  (VEM)  which 
is  constrained  by  a  metal  layer.  The  layers  of  viscoelastic 
material  and  metal  taken  together  are  called  a  constrained-layer. 
Often  these  types  of  damping  system  will  be  constructed  of 
multiple  constrained-layers  to  achieve  the  desired  level  of 
damping.  Whenever  the  structure  undergoes  bending,  the  metal 
layer  will  constrain  the  viscoelastic  material,  resulting  in 
shear  deformation  of  the  VKM.  Inergy  is  dissipated  due  to  this 
shear  deformation. 

An  important  part  of  designing  a  damping  treatment  is 
determining  the  environmental  condition  to  which  the  treatment 
will  be  exposed  and  insuring  the  selected  treatment  will 
withstand  and  perform  properly  under  these  conditions.  Critical 
environmental  considerations  include  the  operational  temperature 
range  for  which  damping  is  desired,  the  effects  of  the  damping 
treatment  on  corrosion  of  the  structure,  and  the  effects  of 
thermal  aging  on  the  performance  of  the  damping  treatment . 

Recent  laboratory  corrosion  testing  shows  no  degradation  in 
corrosion  resistance  caused  by  the  application  of  the  recommended 
damping  treatments.  The  corrosion  test  panels  were  exposed  to  a 
standard  30  day  humidity  corrosion  environment  in  the  laboratory 
consisting  of  120°  F,  98%  relative  humidity  (RH) ,  and  salt  spray. 
The  addition  of  the  damping  treatments  had  no  affect  on 
corrosion,  primarily  because  the  paint  was  not  disturbed  during 
installation.  Extensive  service  experience  with  similar  dam:  ing 
treatments  has  not  revealed  any  corrosion  problems.  For  example, 
the  "1980  Damping  Treatment"  has  flown  externally  on 
approximately  300  aircraft  for  10  years  with  no  adverse  affects 
on  corrosion.  Although  the  requirements  used  to  develop  the 
thermal  aging  tests  were  judged  to  be  excessive,  satisfactory 
thermal  aging  characteristics  have  been  demonstrated  in  the 
laboratory  for  all  materials  used  in  the  new  damping  treatments. 
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The  temperature  exposure  of  8  hours  at  340°  F  pluB  48  hours  at 
270°  F  was  intended  to  be  a  conservative  design  condition  for  the 
8000  hour  life;  however,  these  exposure  levels  are  believed  to  be 
more  severe  than  necessary,  Thousands  of  hours  of  F-lll  service 
data  establish  that  total  outside  air  temperature  (TOAT)  exceeds 
125°  F  less  than  2%  of  the  time.  Laboratory  tests  confirmed  that 
thermal  aging  caused  the  damping  material  to  slightly  stiffen 
which  tended  to  increase  damping  treatment  effectiveness.  An 
additional  issue  of  practicality  includes  being  able  to  inspect 
the  UOWS  for  structural  integrity  while  the  damping  treatment  is 
installed.  The  damping  treatment  configurations  used  in  no 
instance  covered  up  fasteners  or  locations  where  the  cracks 
initiate.  Therefore,  the  damping  treatments  will  not  hinder 
inspection  of  the  UOWS  either  visually  or  radiographically  and 
the  treatments  also  will  not  impact  removal  or  installation  of 
the  UOWS  or  other  maintenance  functions.  A  discussion  on  the 
selection  of  the  damping  treatment  design  temperature  follows. 

A  plot  of  Mach  number  versus  altitude  is  presented  in  Figure 
10  for  the  F-15  aircraft.  Included  on  the  plot  are  standard  day 
constant  value  curves  for  the  following  parameters;  dynamic 
pressure  (q) ,  total  outside  air  temperature  (TOAT) ,  and  maneuver 
load  factor.  The  load  factor  is  for  an  F-15  with  a  gross  weight 
of  42,  000  pounds  raying  at  a  12*  AO  A.  The  equilibrium 
temperature  for  the  wing  skin  and  the  installed  damping  treatment 
will  fall  between  the  TOAT  and  the  ambient  temperature.  The 
large  dash  marks  in  Figure  10  indicate  planned  data  gathering 
flight  conditions.  Because  the  ratio  of  oscillatory  pressure  to 
dynamic  pressure  tends  to  be  a  constant  in  the  subsonic  flight 
regime,  the  oscillatory  pressure  (thus  the  cumulative  damage) 
increases  as  Mach  1.0  at  sea  level  is  approached  from  the  upper 
left  on  the  graph.  The  structural  limit  of  the  F-15  is  8g's. 
Based  on  this,  a  temperature  range  from  50°  F  to  75°  F  was 
selected  for  the  damping  design.  No  cumulative  damage  was 
expected  below  0°  F  or  above  125®  F. 

A  previous  attempt  by  MCAIR  to  correct  the  UOWS  fatigue 
cracking  included  the  application  of  a  multiple  cor.«train*d-layer 
damping  treatment  referred  to  as  the  ”1980  Damping  Treatment”. 

The  treatment  was  applied  externally  over  bay  LI  of  the  skin  (see 
Figure  6)  because  at  the  time,  the  fatigue  cracks  >.  considered 
to  occur  only  in  this  outer  spar-rib  bay.  It  consisted  of  3 
constrained-layers  «ach  of  which  contained  a  0002”  layer  of  ISD- 
112  VEM  and  a  0.005"  layer  of  aluminum.  Figure  11  illustrates 
the  "1980  Damping  Treatment".  The  "1980  Damping  Treatment"  was 
installed  and  flown  on  numerous  operational  F-15  aircraft  but  it 
proved  to  be  unsuccessful  in  eliminating  the  UOWS  fatigue  cracks. 

As  previously  mentioned,  the  Flight  Dynamics  Directorate 
developed  two  new  damping  treatments  which  were  recommended  to 
W-R  ALC  for  F-15  fleet  retrofit.  The  treatment*  consisted  of  an 
externally  applied,  f ie] d  installable  system  and  an  internally 
applied,  depot  installable  system.  Figure  12  show*  the 
recommended  external  treatment's  multiple  (4]  constrained-layer 
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configuration.  Two  different  constrainad-layara  wara  uaad  in  tha 
dasign.  Ona  conaiatad  of  a  0.002"  layar  of  XSD-112  VEM  which  waa 
conatrainad  by  0.005"  of  aluminum  and  tha  othar  waa  mada  of  a 
0.002"  layar  of  XSD-113  VIM  alao  conatrainad  by  0.005"  of 
aluminum.  Two  aach  of  thaaa  diffarant  const rained- layers  wara 
uaad  to  build-up  tha  total  of  four  conatrainad-layara  in  tha 
axtarnal  traatmant  daaign.  Tha  uaa  of  two  VEMa  broadanad  tha 
affactiva  tamparatura  ranga  ralativa  to  tha  "1980  Damping 
Traatmant".  Tha  aix  outar  moat  apar-rib  baya  wara  covarad  (Rl, 
R2,  R3,  LI,  L2,  and  L3)  by  tha  axtarnal  traatmant.  Figura  13  ia 
a  photo  of  tha  axtarnal  traatmant  inatallad  on  an  F-15  wing. 

Tha  racommandad  intarnal  traatmant  ia  aummarizad  in  Figura 
14.  Starting  at  tha  wing  akin,  thara  waa  a  0.004"  layar  of 
praaaura  aanaitiva  adhaaiva  (VEM).  Next  thara  waa  an  0.080" 
atand-off  layar  of  ayntactic  foam  configurad  to  maintain  high 
ahaar  atiffnaaa  and  low  flaxural  atiffnaaa.  Thia  waa  achiavad  by 
cutting  a  checker  board  pattarn  into  tha  ayntactic  foam. 

Finally,  thraa  conatrainad-layara  of  damping  matarial  wara  placad 
on  top  of  tha  atand-off  layar.  Tha  firat  conetrainad-layar  (from 
tha  bottom)  conaiatad  of  0.004”  of  VEM  and  0.005"  of  aluminum. 

Tha  othar  2  conatrainad-layar  aach  conaiatad  of  0.002"  of  VEM  and 
0.005"  of  aluminum.  For  all  layara  tha  Kuaaton  Xnduatriaa  F-440 
VEM  waa  uaad.  Tha  intarnal  damping  traatmant  waa  appliad  in  tha 
chamically  millad  pockets  batwaan  tha  intagral  atiffanara  for  all 
8  apar-rib  baya  ahown  in  Figura  6.  Additionally,  thara  wara 
viacoalastic  linka  (VELa)  placad  batwaan  tha  capa  of  tha  intagral 
atiffanara  and  tha  notches  in  tha  rib.  Tha  VELa  wara  located  in 
all  rib  notch  locationa.  Tha  VEL  matarial  waa  alightly  tacky  at 
room  tamparatura.  A  VEL  thicknasa  of  0.50"  waa  uaad  to  provide 
an  intarfaranca  fit.  Tha  purpoae  of  tha  VEL  waa  to  provide  a 
link  (having  both  atiffnaaa  and  damping)  from  tha  atiffanar  cap 
to  ground  (rib  notch)  thereby  reducing  atiffanar  rotation. 

Figura  15  ahowa  tha  atand-off  damping  traatmant  appliad  to  the 
intarnal  aurfaca  of  tha  wing  akin.  Figura  16  ahowa  tha  VELa 
located  in  tha  rib  notchea . 

Tha  inatallation  of  tha  damping  traatmanta  waa  aimpla  and 
atraight  forward.  Firat  tha  UONS  waa  cleaned  to  remove  all  oil 
and  dirt.  Next,  tha  axtarnal  damping  traatmant  waa  pra-cut  to 
fit  batwaan  tha  faatanar  rowa  for  aach  apar-rib  bay.  Tha 
traatmant  waa  cut  to  inaura  that  accaaa  to  tha  faatanara  waa  not 
impaired.  A  amall  amount  of  aplit  paal  ply  or  rolaaaa  paper  waa 
removed  from  tha  bottom  of  tha  damping  traatmant,  axpoaing  the 
firat  layar  of  VEM.  Tha  damping  traatmant  waa  then  carefully 
cantered  onto  tha  appropriate  apar-rib  bay.  Finally,  tha 
procedure  waa  to  gradually  remove  tha  ralaaaa  paper  from  und«.  r 
tha  damping  traatmant  while  aimultanaoualy  adhering  tha 
treatment.  Special  care  waa  nacaaaary  to  minimize  entrapped  air 
bubblea.  A  amall,  flat  plaatic  scraper  waa  rubbed  over  the 
surface  of  the  external  traatmant  as  it  was  applied  to  squeegee 
out  aa  much  air  as  possible.  This  step  is  illustrated  in  Figure 
17.  A  nice  feature  of  tha  axtarnal  damping  treatment  was  that 
small  amounts  of  compound  curvature  could  be  accommodated  without 
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adversely  affacting  the  quality  of  the  application. 

The  internal  atand-off  treatment  was  applied  in  a  similar 
manner  except  additional  effort  was  required  to  avoid  damaging 
the  brittle  stand-off  layer.  The  pieces  of  internal  damping 
treatment  were  much  smaller  than  the  external  damping  pieces  and 
therefore  air  entrapment  was  not  a  problem.  Hand  pressure  was 
sufficient  to  apply  the  internal  treatment  so  the  plastic  scraper 
was  not  used.  The  VELs  were  provided  with  release  paper  on  the 
surfaces  which  were  to  adhere  to  the  skin  stiffener  and  the  rib 
notch.  During  installation,  the  release  paper  on  the  rib  notch 
side  is  removed  and  the  VEL  is  positioned  in  the  rib  notch.  Just 
before  installing  the  skin,  the  second  release  paper  is  removed. 
The  thickness  of  the  VEL  was  such  that  an  interference  fit 
resulted;  however,  the  force  required  to  install  the  UOWS  tightly 
to  the  substructure  was  nominal  and  easily  provided  by  advancing 
the  fasteners. 


Life  Extension 


A  comparison  between  the  response  of  the  baseline  UOWS  and 
the  UOWS  with  the  external  damping  treatment  installed  is 
presented  in  Figure  18.  The  frequency  response  functions  (FRFs) 
are  the  acceleration  FRFs  which  were  integrated  twice  to  obtain 
the  compliance  (displacement)  FRFs;  the  compliance  FRFs  were 
assumed  to  be  proportional  to  strain.  Figure  19  makes  a  similar 
comparison  for  the  internal  damping  configuration.  Notice  the 
dramatic,  beneficial  reduction  in  response.  The  comparisons  in 
this  report  were  made  on  the  basis  of  RMS  stress  rather  than 
comparing  peaks.  Figure  20  presents  the  equation  used  to 
calculate  a  life  extension  factor.  The  ratio  of  the  damped  to 
the  baseline  response  is  raised  to  the  proper  exponential  to  give 
the  life  extension  (ie,  ratio  of  life) .  The  RMS  of  the 
compliance  FRF  between  300  and  400  Hs  was  the  basis  of  the 
calculation.  Calculations  made  in  this  manner  revealed  that  the 
UOWS  with  the  "1980  Damping  Treatment"  would  last  4  times  as  long 
as  the  baseline  UOWS  (bare  UOWS) ,  thus  the  life  ex.^nsion  was  a 
factor  of  4.  The  life  of  the  baseline  UOWS  is  approximately  1250 
hours,  therefore  the  projected  life  with  the  1930  Damping 
Treatment  is  5000  hours.  Obviously,  this  is  an  estimate; 
however,  it  does  provide  a  measure  of  the  damping  treatment's 
performance.  Similar  estimates  gave  life  extension  factors  for 
the  new  recommended  external  and  internal  treatments  of  5  and  34, 
respectively.  The  internal  treatment  is  considered  the  primary 
solution  to  resolve  the  UOWS  high  cycle  fatigue  cracking.  This 
is  because  of  the  dramatic  reduction  in  response  achieved  when  it 
was  installed.  Its  large  life  extension  factor  should  offset  a 
variety  of  uncertainties  not  accounted  for  by  .his  investigation, 
such  aa  preciae  temperature  at  which  damage  accumulates,  the  fact 
that  RMS  stresses  were  used  instead  of  peak  stresses,  and 
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potential  changes  in  future  operational  usage. 


CONCLUSIONS 


The  Fight  Dynamics  Directorate,  at  the  request  and 
sponsorship  of  Warner-Robins  Air  Logistic  Center  tested  13 
candidate  add-on  damping  treatments  for  the  F-15  UOWS.  Of  those 
tested,  two  damping  treatments  were  recommended  for  F-15  fleet 
retrofit.  One  treatment  was  an  externally  applied  constrained- 
layer  treatment  and  the  other  was  an  internally  applied  stand-off 
treatment  with  viscoelastic  links  in  the  rib  notches .  The 
external  and  internal  treatments  resulted  in  life  extension 
factors  of  5  and  34,  respectively.  Thermal  aging  and  corrosion 
tests  were  performed  on  the  damping  treatments  with  no  adverse 
effects  noted.  At  this  time,  there  is  no  evidence  to  indicate 
that  the  recommended  damping  treatments  should  not  be  used  to 
alleviate  the  UOWS  fatigue  cracking.  Three  hundred  F-15  aircraft 
have  accumulatsd  ten  years  of  service  experience  with  the  "1980 
Damping  Treatment"  and  to  the  authors  knowledge  there  have  been 
no  reports  of  concerns  or  adverse  effects  associated  with  add-on 
damping  treatments.  It  is  projected  that  retrofit  of  the  F-15 
fleet  with  UOWS  containing  the  internal  treatment  will  result  in 
a  net  savings  of  $100M  in  maintenance  and  repair  ooats  over  the 
next  25  years.  The  recommended  damping  treatments  are  fully 
qualified  for  F-15  fleet  retrofit  and  represent  a  viable,  cost 
effective  solution  which  will  substantially  improve  the  F-15  UOWS 
service  life. 
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F-15  WING  STRUCTURE 


Figure  5.  Close-up  of  UOWS 


SPAR-RIB  BAY  DESIGNATION 

TOP  VIEW  OF  LEFT  WING 
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BOWS  Spar-Rib  Bay  Designation 
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Figure  1U.  F-13  Flight  Characteristics 


F-15  UPPER  OUTER  WING  SKIN 

TEST  CONFIGURATION  1 _ _ 

1  980  DAMPING  TREATMENT 
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Figure  11.  1980  Damping  Treatment 


F-15  UPPER  OUTER  WING  SKIN 
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15  WING  DAMPING  TREATMENT  TEST 


Figure  18.  Comparison  of  Baseline  UOWS  and  Externally  Damped  UOWS 


15  WING  CAM  PI  NG  TREATMENT  TEST 


Figure  19.  Comparison  of  Baseline  COWS  and  Internally  Damped  UOWS 


F-15  UPPER  OUTER  WING  SKIN  LIFE  EXTENSION 
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Figure  20.  Equation  for  Life  Extension  Calculation 
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Dallas,  TX 

Carl  L.  Rupert 
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ABSTRACT 

The  Air  Force  Wright  Research  and  Development  Center’s  Aircraft  Integral  Dump 
ing  Demonstration  T rograrn  is  behig  conducted  by  LTV  to  illustrate  tnc  advant  ages 
of  incorporating  damping  into  aircraft  structure  during  the  design  phase  of  develop¬ 
ment.  The  present  study  deals  with  the  important  Band  6,  7,  8  antennae  packages 
on  the  B-1B  Aft  Equipment  Bay,  where  equipment  failures  are  routinely  occurring 
during  take-off  maneuvers  at  maximum  afterburner  throttle  settings.  That  damage 
results  from  the  intense  vibroacoustical  environment  generated  by  the  four  three- 
stage  afterburning  engines.  Failure  rates  have  been  sufficiently  high  to  warrant  a 
departure  from  the  basic  study  to  develop  a  “quick  fix”  solution  involving  add-on 
damping  treatments,  that  can  be  installed  in  a  short  time  with  minimal  modification 
to  the  existing  structure. 

The  approach  used  in  this  program  was  to  analyze  operating  ground  test  data 
that  were  generated  on  the  antennae  components,  in  conjunction  with  analytical 
models.  Modal  testing  identified  areas  where  damping  treatments  could  be  applied 
to  reduce  the  resonant  effects  of  the  local  system.  Various  treatments  were  de¬ 
veloped,  analyzed,  and  tested  in  situ  on  the  aircraft.  Thus,  a  cost  effective  ami 
technically  viable  solution  to  acoustically  induced  failures  was  achieved. 
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EXAMINATION  OF  BOUNDARY  CONDITIONS 
FOR 

SIXTH-ORDER  DAMPED  BEAM  THEORY 
by 

Ralph  E.  Tate 

LTV  Aircraft  Products  Group 
Dallas,  TX 


ABSTRACT 

The  purpose  of  sixth-order  beam  theory  is  to  include  the 
effects  of  core  shearing  due  to  extentional  deformation  in 
terms  of  the  transverse  displacements.  The  constraint  to 
eliminate  the  extentional  motion  reduces  a  twelfth-order 
system  of  equations  into  a  single  sixth-order  equation. 

Since  boundary  conditions  are  necessary  to  completely 
specify  the  solution  of  partial  differential  equations, 
the  author  purposes  to  use  this  forum  to  present  a 
detailed  derivation  of  the  sixth-order  equation  of  motion 
using  energy  method  techniques.  The  boundary  conditions 
follow  naturally  as  a  consequence  of  the  energy  method 
formulation.  The  author  show  how  two  "natural"  boundary 
conditions  are  lost,  and  must  be  replaced  by  two  "kine¬ 
matic"  boundary  conditions.  The  author  interprets  the 
boundary  conditions  and  their  consequences  in  the  analysis 
of  damped  beams. 
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1.0  INTRODUCTION 


Usage  of  constrained-layer  damping  composites  for  sound  and  vibration 
suppression  originated  in  the  1950's,  perhaps  earlier [k];  however,  the  un¬ 
derlying  theory  was  based  on  4th-order  beam  theory  and  presumed  no  extension- 
al  deformation  of  the  laminate.  In  order  to  include  the  extensional  flexib¬ 
ility,  several  authors  developed  6th-order  beam  and  plate  theories  to  de¬ 
scribe  the  dynamic  behavior  of  damped  composite  laminates  [a,b,c,g,h,i] .  The 
purpose  of  the  6th-order  theories  is  to  include  the  effects  of  core  shearing 
due  to  the  extension  of  the  face  sheets,  in  terms  of  the  transverse  bending 
displacements.  The  constraint  to  eliminate  the  extensional  motion  causes  the 
equations  of  motion  to  be  of  6th-order. 

Dowell [h]  and  Mi  lea [c]  derive  the  laminate  equations  using  an  energy 
method  approach  to  obtain  the  equations  of  motion.  Dowell  then  retains  terms 
only  to  4th-order,  since  the  adhesive  shear  layer  is  assumed  stiff.  The 
resulting  boundary  conditions  are  those  found  for  4th-order  beam  and  plate 
theory.  Dowell's  formulation  is  useful  in  evaluating  the  interlaminar  shear 
in  fiber  composites.  Miles'  obtains  the  6th*ord?r  equations  as  a  side  dis¬ 
cussion  to  validate  his  model;  he  does  not  elaborate  on  the  boundary  con- 

t  h 

ditions  required  for  solution  for  the  6  -order  system  Miles  study  pro¬ 
ceeds  to  thickness  effects  on  damping. 

Mead[a,fc]  and  Abduihadi[g]  derive  the  equations  of  motion  from  a  stan¬ 
dard  strength  of  materials  perspective.  This  approach  does  not  directly 
yield  ‘he  boundary  conditions  as  part  of  the  formulation.  Abdulhadi  also 
does  not  articulate  the  boundary  conditions  necessary  for  solution:  simply 
supported  boundary  conditions  are  presumed.  Mead  develops  the  boundary 
conditions  and  discusses  the  solutions  for  various  boundary  conditions. 
Maynor  [j]  numerically  evaluated  the  effect  of  Mead's  boundary  conditions  on 
1^33  factor  e  dimates.  He  also  observed  that  Abdulhadi  deleted  two  boundary 
conditions  m  obtaining  his  solution.  Essentially,  Abdulhadi' s  equations  of 
motion  are  equivalent  to  the  4  h -order  PKU  equations  [kj  .  Maynor  delineated 
the  difficulties  and  limitations  in  using  the  6th-crder  equations. 

I 
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In  the  attached  paragraphs,  the  6th-order  partial  differential  equation 
is  obtained  using  energy  methods.  Subsequently,  the  boundary  conditions  are 
obtained.  The  limiting  procedure  shows  how  two  "natural"  boundary  conditions 
are  lost.  Thus,  two  "kinematic"  boundary  conditions  must  be  specified,  that 
further  reduce  the  generality  of  the  6th-order  equation.  The  basic  outline  of 
the  paper  begins  with  the  derivation  of  the  equations  of  motions  following 
Miles'  assumptions,  then  validating  the  required  boundary  conditions  used  Dy 
Mead.  The  ramifications  of  those  boundary  conditions  are  discussed. 


2.0  VARIATIONAL  fORMPLATIQH  Of  THE  SIXTH-ORDER  BUM  KQ(JATI0W8 

The  sixth-order  differential  equation  governing  the  vibration  of  a  three 
layer  sandwich  beam  will  be  derived  using  a  variational  approach.  The  beam 
geometry  is  depicted  in  the  preceeding  Figure. 


The  kinetic  energy  of  a  *-he  vibrating  beam  is  given  by: 


T  -  1/2 


2  f  (ux)2]  +  m2 [ (w2)2  +  (u2)2] 


dx. 


(2-1) 


Similarly  the  elastic  energy  due  to  deflection  of  the  constraining  skin  mat¬ 
erials  is  given  by: 

L  r 

0  0  O  O  I 

dx.  (2-2) 


1/2  J 


(EDjIwp2  ¥  <EI)2(w2")2  +  (EA)  x  (u^ ' ) 2  +  (EA)2(u2')2 


The  strain  energy  due  to  shearing  of  the  adhesive  core  material  ia [d] : 

L  (•  t 

I  [  3  2 

./?|  Gb  !  y  dr  dx,  where  ym  dw  •*-  du . 

dx  d  Z 


(2-3) 


The  shear  traction  at  the  upper  and  lower  surfaces  of  the  adhesive  is  found 
to  be : 
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The  distributed  shear  strain  throughout  the  adhesive  thickness  is: 


(2-4ai 

( 2 — 4b ) 
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Y  -  yx  +  t 

After  substitution  and  integration  over  the  thickness,  the  strain  energy  due 
to  shearing  of  the  adhesive  is  found  to  be: 


V 


dx 


(2-6) 


In  order  to  apply  Hamilton's  Principle,  the  total  energy  in  the  vibrating 
beam  is  given  as  Q-T-V  -V  +W  ,  where 


Q-  F(ui,u2,wi,*2,ui,u2,wi,w2,ui',u2,,wi',w2',wi",w2";x,t) 


Applying  Hamilton's  Principle,  the  variational  of  the  energy  is  minimized, 
that  is: 

*  2 

8J  -  8  Q{ . )  dt  -  0. 

J  l 


Hence,  the  differential  of  J(.)  is: 


After  integration  by  parts,  the  integral  appears  as: 
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-  IK,.-  45,0  *  *«]*,  *  [K,.  -  v/v  -  §v  *  v]^' 

*  |K,  •  N,'h'  -  [£/  \a']«:8'  - 1/  *«h  - 1/  4X;8)  *■ 

Equating  each  variational  term  to  zero  then  yields  the  equations  of  motion 
and  the  required  "natural"  (or  force-type)  boundary  conditions.  Thus,  the 
complete  system  of  equations  is  found  to  be: 

ar  _  df&jM  -  d^F  }  bt  dftF  'j  dftF  0 

dui  dt  iduj  dxlvdui'J  '  du2  dtlJG^J  dx  l^du  'J  "  ' 

The  system  is  subject  to  the  following  boundary  conditions: 

il  -  T  I  -  0  ^  -  T  -  0  -  dfel  ^1  .  0 

au/  i  |  t  u'  au/  2  T  u'  aw/  dxlaw  "J  vri 

Kl.-ig5l3  +  v»lv.  8,"- 45  0  -  v«  I  - 

K'-dllK,’) +  v»l -0' 


*1  -  T 

au/ 


-  0,  (Eqna .  2-11) 


—  -  M  '  *0  — 


'x-0  1  '  x-L  1  'x-0 

n  +  M  ' I  -  0,  f£  +  T  1-0,  and  ~  +  T  I  -0. 


aw  -  r2  v'  aw"  L2  w'  au  A1  u'  au  1  *2  • 

2  * x—L  2  1 x-0  1  •  x»o  2  1  x»o 

The  system  is  comprised  of  two  fourth-order  equations  and  two  second-order 
equations.  The  twelve  "natural"  boundary  conditions  completely  specify  the 
solution.  Hence,  this  set  of  differential  equations  is  well-posed,  as  should 
be  expected. 


Next,  the  various  partial  derivatives  of  F(.)  are  derived: 
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1  2 


^3 


After  substitution  into  the  (2-10)  and  (2-11),  the  equations  of  motion  for 
the  system  are  obtained: 


Vi  +  (EI)1W1 


(4) 
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Correspondingly,  the  boundary  conditions  become: 


Ktj  y 


)• 


m  P2 (x,t) , 


0,  (2-12c) 

0. (2-12d) 
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+  (1+20^ 
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X-L 


(3) 


d/2)Gbt3^[2/3+2o1(l+o1)]wi'  +  [-2/3+d+a^  (l+a^+a^]*^' 


+  d+2a2)  VU 2 


.  -v 


LI 


(2-1 3b) 


x-0 


(EI)2W2<3>  *  (i/2)Gbt3^[-2/3+(l+o1)  (l+a2)+o,a2)Wl'  +  [2/3+2a2  (l+<*2)  ] v#2 ' 


+  (l+2a2) 


uru2 


(EI)2W2 


(3) 


^  fc3 


VR2.  (2- .30 


x-L 


(l/2)Gbt  j [-2/3+ (l+o, ) (1+a,) +a  a  ] w  '  +  [2/3+2a  (1+a  ) ]w  ' 


2  1  2  '  1 


+  (l+2a2) 
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(ElfjW/  -  Mli  |  -0  <2-  13b), 

•  x-L 


(EI)2W2-  -  Ml2  I  -  0  (2-13f), 


'x-L 


<EI)lWl"  +ML! 


(EA)  iui '  -  Tx 


-  0  (2-13g) , 

x-0 

-  0  (2-131), 

x-L 

'  -  0  (2-13k) ,  and 

x-0 


(El)  w  *  +  M 
'  '2  2  L2 


<ea)2u2'  -  t2 


(EA)^'  +  T2 


(EA)2U2'  +  T2 


-  0  <2-13h) , 

x-0 

-  0  (2-13 j) , 

x-L 

-  0  (2-131) . 

x-0 


The  procedure  of  Milea  and  Reinhall [c]  will  be  followed  to  reduce  the 
system  of  equations  to  sixth-order.  First,  the  two  bending  equations  are 
added,  then  the  two  longitudinal  equations  are  subtracted,  respectively: 


miwj  +  m2'w2  +  (EI)iwi<4>  +  (EI)2w2 
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Now  allowing  wi  “  «2>  the  equations  reduce  to: 


Dt  w(4>  -  Gbt3  (l+«i+a2)2w<2)  -  Gbd+a^; 


(ui,-u2')  -  P'  (x)  ,and  (2-14a) 


VU21-  -(l+a.+ajw'  + 

'(EA)^"  -  (EA)2U2n> 

U  J 

l  2Gb  J 

( 2- 1 4b) 


P' (x)-P(x)  -  (mj  +  m2)  U.  The  effect  of  longitudinal  inertia  is  also  neglec¬ 
ted.  Since  the  each  cross-section  must  remain  balanced  in  tension,  (EA^u  '■* 
- (EA) 2u2'  Using  this  relation  and  after  substituting  (2-1 4b)  into  (2-14a) 
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the  former,  the  following  equations  are  obtained: 


D  w(4)-Gbt  (1+tt+g, )  V2)-Gb(l+«  +«.)  f  1  +  1  VEA)  u  /  -  P'(x), 

l(EA)i  (EA)J  (2-15a) 

and 

Dt  w<4)  -  t3(EA)i(l+ai+a2)ui<3)  -  P' (x) .  (2-15b) 

The  equations  can  be  greatly  simplified  using  two  scale  factors  id, c] : 


G'  -  Gb 

f  1  + 

t  2 

1  ),  and  Y-  3 

'  (EA)1(EA)2 

;  thus,  (2-16) 

(EA)2  J  Dt 

l  (EA)3  +  (EA)2  , 

w<4)  -  G'Yw(2)  -  (G't/D  ) (l+o  +o  )  u'  -P' (x)/D  ,  and  (2-17a) 

3  t  12  1  t 

w(4)  -  [t3(EA)1/Dt] (l+a1+o2)ui(3>  -P'(x)/Dfc.  (2-1 7b) 


The  final  step  is  to  eliminate  ux  from  the  equations.  This  is  accomplished 
by  taking  the  second  partial  with  respect  to  "x"  of  the  first  equation  and 
multiplying  the  second  equation  by  G' ,  then  subtracting: 


The  corresponding  reduction  in  the  boundary  conditions  follows  in  the  follow¬ 
ing  section. 


HBA-'J 


Analogously,  the  moment  boundaries  are  evaluated.  Again,  right  hand 
boundary  alone  will  be  evaluated,  since  the  process  for  the  left  hand  is 
identical.  Thus,  the  moment  equation  equation  becomes: 


V"  -  <M*1  +  V  -  <T1  -  V  fc3  <l+w 


(3-10) 


x-L 


After  substituting  for  T  and  T2,  the  resulting  equation  is: 


Dtw"  -  -  [  <EA)xu,'  -  (EA)2u2'  ]  t3  (l+aj+Oj) 


-  0  ,  or  (3-lla) 


x-L 


since  (EA)^'-  -(EA)2u2'  throughout  the  beam,  the  equation  reduces  to, 


Dfcw"  -  Mr  -  (EA)^'  [  t3  (1+a^)  ) 


-  0. 

x-L 


(3-1  lb) 


Talcing  the  second  partial  derivative  with  respect  to  "x"  of  (3-lla)  yields: 


\  -  (  (EA)lUl<3)  -  <EA)2U2(3)  1  t3  (l+ai+a2) 

- 5 - 

Substituting  (3-3),  this  equation  becomes: 


D  w1*1  -  Gbt3  (l+ai+a2)  w"  -  Gb  (1+^  +«2 )  (u '  -  u2') 
This  can  be  re-written  as: 


-0. 

x-L 


-  0  .  (3-12) 

X-L 

(3-13) 


D  w ( 4  ’  -Gbt 3 ( 1 +«x  +a2 ) 2  w" -Gb ( 1 +a 


j+V  f—  4  — 

linij  (Efti  2J 


(EA) 1U1' 


-0. 

x-L 


(3-14) 


After  applying  the  scale  factors, 


Dtw'"'  -  G'Y  wu'  -  [  G't3  (l+c^+a^/DJ  (EA)  1  Uj '  -  0, 


(3-15) 


Eliminating  u:  using  { 3-1 lb) ,  the  moment  boundary  condition  reduces  to: 


M  -  °t 

*  ~ 
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(3-16) 


x-L 
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Thus,  the  set  of  "natural"  boundary  conditions  become: 
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( 3- 1 7a ) 
( 3 — 1 7b ) 
(3-17C) 

(3-17d) 


These  force-type  boundary  conditions  agree  with  those  obtained  by  Mead 
and  Markus  [a,b] .  Only  four  "natural"  boundary  conditions  now  remain  to 
specify  the  sixth-order  equation.  Thus,  it  is  necessary  to  specify  two  addi¬ 
tion  "kinematic"  constraints;  otherwise,  the  problem  is  not  well-posed. 
Representative  "kinematic"  constraints  are: 


clamped-free- 

simply  supported 

simple-roller- 


w  «w  '-0  or  w  ■*»  '*0, 

R  R  L  L 


w  -w  -0, 

R  L  ' 


w  -w  '  -  0  or  w  '-w  -  0,  and 

R  L  R  L 


( 3— 1 8a ) 

(3-18b) 

(3-18c) 


no  rotation- 

w  '-w  0.  (3-1 8d) 

R  L 

Mead  (a]  discusses  other  exotic  boundary  conditions  that  are  permutations  of 
the  above  "natural"  and  "kinematic"  end  conditions  through  rslaxing  the  vari¬ 
ous  boundary  tractions. 


4.0  DI3CP85IOW/OB8gRVATIOH 

The  equations  of  motion  and  associated  boundary  conditions  for  a  three- 
layer  composite  laminate  were  derived  in  Section  2.0  (Eqns.  2-12a  thru 
2-131)  .  The  "natural"  or  force  type  boundary  conditions  are  a  consequence  of 
the  energy  method  formulation  [e,l].  That  system  of  equations  is  of  twelfth- 
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order  and  the  solution  is  completely  specified  by  the  "natural"  boundary 
conditions;  thus,  the  equations  of  motion  are  well-posed.  Consequently, 
since  the  system  solution  is  completely  specified  by  its  "natural"  boundary 
conditions,  the  formulation  can  be  employed  in  the  analysis  of  built-up 
structures  (eg.  a  finite  element  analysis),  albeit  cumbersome.  The  exist¬ 
ence  of  all  "natural"  boundary  conditions  permits  the  universal  satisfaction 
of  internal  compatibility  conditions  required  in  a  finite  element  type  solu¬ 
tion.  Miles  and  Reinhall  [ c ]  proceed  to  perform  an  assumed  modes  solution  to 
examine  the  thickness  deformations  in  a  three-layer  composite.  Their  studies 
showed  that  thickness  deformation  is  an  important  damping  mechanism  ,  espec¬ 
ially  in  higher  order  modes. 

The  twelfth-order  system  was  reduced  to  a  single  sixth-order  partial 
differential  equation  (2-18),  as  shown  in  Section  2.0.  By  a  similar  process, 
the  "natural"  boundary  conditions  are  reduced  to  four  in  number  (3-17a  thru 
3-17d) .  Both  the  boundary  conditions  and  the  sixth-order  equations  agree 
with  those  derived  by  Mead  [a,b] . 

The  point  to  be  observed  here  is  that  only  four  "natural"  boundary  condi¬ 
tions  remain  to  specify  the  solution  of  a  sixth-order  differential  equations; 
that  is,  a  deficit  of  two  differential  equations.  By  constraining  the 
extentional  degrees  of  freedom  (3-3),  two  boundary  conditions  are  lost. 
Thus,  two  geometric  or  "kinematic"  boundary  conditions  must  be  specified  for 
the  solution  to  be  well-posed.  Several  possible  "kinematic"  boundary  condi¬ 
tions  are  provided  in  Section  3.0  ( 3-1 8a  thru  3-1 8d)  to  augment  the  "natural" 
boundary  conditions.  Mead  discusses  other  admissible  boundary  conditions  [a, 
b]  • 


Since  the  sixth-order  partial  differential  equation  cannot  be  completely 
specified  by  the  "natural"  boundary  conditions,  a  complex  built-up  structure 
cannot  be  modelled.  Only  simple  structures  (eg.  single  span  beam'*  and 
plates)  can  be  evaluated.  For  example,  element  ‘"f.mpatibility  conditions  in  a 
finite  element  formulation  cannot  be  universally  satisfied  without  the  impo¬ 
sition  of  a  "kinematic"  constraint;  thus,  the  type  of  structure  evaluated  is 
limited,  that  is  a  general  sixth-order  beam  or  plate  finite  element  cannot  be 
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formulated. 


Further,  Mead  demonstrated  that  all  solutions  to  the  sixth-order  equation 
are  complex-valued  functions,  with  the  sole  exception  of  the  case  with  simply 
supported  boundaries.  (The  solution  to  the  simply  supported  case  is  a  real¬ 
valued  function.  This  case  can  be  further  reduced  to  the  standard  RKU  equa¬ 
tions  [c,  k ] . )  Thus,  computationally,  the  sixth-order  equation  is  effective¬ 
ly  a  twelfth-order  system.  No  gain  in  computational  effeciency  is  obtained. 

The  principal  benefit  derived  from  the  sixth-order  equation  is  when  the 
relative  extentional  motion  of  the  face  sheets  becomes  significant,  that  is 
when  one  or  both  of  the  face  sheets  possess  a  low  stiffness  relative  to  the 
core  shear  stiffness.  In  this  case,  Maynor  [ j ]  has  shown  that  numerical 
solution  is  neither  particularly  easy  nor  necessarily  guaranteed.  For  the 
majority  of  engineering  applications,  a  fourth-order  (RKU)  formulation  is 
adequate  to  describe  the  dynamic  behavior  of  damped  laminate  beams  and  plates 
()]■ 

5.0  31BHMY 

The  author  has  presented  a  detailed  derivation  of  the  sixth-order  beam 
equation  and  attendant  boundary  conditions.  The  author  has  shown  how  these 
boundary  conditions  naturally  arise  as  a  consequence  of  the  variational 
energy  method  approach.  The  author  shows  how  the  boundary  conditions  vanish 
as  a  result  of  constraining  the  extentional  motion  of  the  face  sheets,  there¬ 
by  requiring  the  imposition  of  "kinematic"  constraints  for  a  well-posed  solu¬ 
tion.  These  additional  restraints  restrict  the  types  of  structures  which  can 
be  evaluated  using  the  sixth-order  equation.  A  useful  modification  to  these 
boundary  conditions  is  the  inclusion  of  damping  into  the  boundary  conditions 
[ m ) .  Inman  has  observed  that  such  terms  in  the  boundary  conditions  are 
important  in  the  mechanics  of  iine-of-sight /slewing  or  pointing/control 
applications  of  articulating  structures. 
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ABSTRACT 

'This  paper  reports  the  results  of  an  analytical  investigation  into  the 
effects  of  compliant  layering  on  damped  beams.  The  beams  consist  of 
laminated  face  sheets  sandwiching  a  single  damping  layer.  Compliant 
layering  is  introduced  into  this  construction  by  making  the  extensional 
modulus  of  the  inner  layers  of  the  face  sheets  substantially  less  than  that 
of  the  outer  layers.  The  analytical  model,  that  is  used  to  determine  the 
mechanical  response  of  this  type  of  structure,  is  based  upon  a  generali¬ 
zation  of  constrained  layer  theory.  The  analysis  predicts  that  compliant 
layering  can  be  used  to  reduce  the  forced  response  and  improve  the 
modal  damping. 
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1.0  INTRODUCTION 


Damping  treatments  for  bending  components  typ.vally  consist  of  adjacent  layers 
of  stillness  and  damping  materials.  In  these  components  the  damping  layers  are 
sandwiched  by  the  stiffness  layers  so  that,  when  the  stiffness  layers  deform  under 
transverse  loads,  their  bending  will  shear  the  damping  layers.  Because  of  their  viscos¬ 
ity.  the  damping  layers  convert  part  of  the  strain  energy  of  shearing  i mo  heat  and 
thereby  provide  a  means  for  dissipating  the  energies  of  shock  and  vibration  |1,  2|. 

Any  design  approach  that  increases  the  rate  or  amount  of  shearing  in  the  damping 
layers  has  the  potential  of  improving  the  structural  damping.  Compliant  layering, 
which  in  a  layered  design  is  the  direct  substitution  of  compliant  material  for  stiffness 
material,  offers  such  a  possibility.  The  stiffness  layers  of  conventional  damping  treat¬ 
ments  consist  of  either  monolithic  isotropic,  laminated  quasi-isotropic  or  laminated  uni- 
diicctional  materials.  This  design  practice  results  in  in-plane  moduli  that  are  essen¬ 
tially  constant  over  the  depth  of  the  sbffness  layer  !n  H^ignc  compliant  layering 
would  replace  that  part  of  the  stiffness  material  that  is  adjacent  to  the  damping  layer 
with  a  material  of  lesser  modulus  The  in-plane  modulus  would  no  longer  be  constant 
over  the  stiffness  layer  and  the  in-plane  extensional  stiffness  would  be  reduced.  The 
hypothesis  to  be  examined  in  this  paper  is  that,  under  cyclic  vibration,  the  use  of  com¬ 
pliant  layers  to  reduce  die  in-plane  extensional  stiffness  of  damped  treatments  allows 
the  stiffness  layers  on  either  side  of  the  damping  layer  to  undergo  greater  in  plane 
translations.  This  increases  the  rate  of  core  shearing  and  thereby  leads  to  higher  levels 
of  energy  dissipation. 

In  a  previous  work  |3,  4]  a  lamination  theory  was  formulated  that  is  applicable  to 
a  general  class  of  damped  bending  structures,  including  structures  with  compliant 
layering,  flic  lamination  theory  was  used  to  examine  the  effects  of  stress  coupling, 
lamination  and  compliant  layering  on  damped  plates.  Here  the  original  analytical 
theory  is  reduced  lot  application  to  damped  beams.  Relevant  parts  of  the  previous 
analytical  results  are  repeated  and  expanded  here  for  the  study  of  compliant  layering  m 
damped  beams. 


2.0  OUTLINE  OF  THE  FORMULATION 

The  analytical  model  is  a  damped  be°.m  consisting  of  top  and  bottom  face  sheets 
sandwiching  a  single  damping  layer  (sec  Figure  1).  The  face  sheets  are  layered  with  a 
total  of  S’1  layers  in  the  top  face  sheet  and  NB  layers  in  the  bottom  face  sheet.  The 
thicknesses  of  die  individual  layers  are  designated  by  for  the  top  layers.  tn  for  the 
bottom  layers  and  t!)  for  the  damping  layer.  (Here  the  subscript  n  identifies  individual 
stillness  layers  while  the  superscripts  T  (topi,  D  (damping),  and  B  (bottom)  refer  to 
s|hvi!k  parts  of  the  sinieture;.  The  global  coordinate  system  shown  in  Figure  1  and 
used  m  the  development  consists  of  the  axial  coordinate  which  is  located  in  the 
mid  surface  of  the  damping  layer  (the  reference  surface),  and  the  transverse  coordinate 


To  analytically  model  this  structure  the  following  assumptions  are  made: 

1.  The  in-plunc  deformations  of  the  face  sheets  vary  linearly  through  the  face  sheet 
thickness; 

2.  The  in-plane  deformations  of  the  damping  layer  vary  linearly  through  it’s  thick 
ness; 

3.  The  in-plane  displacement  fields  are  continuous  across  the  interfaces  (perfect 
bonding); 

4.  The  transverse  displacement  is  the  same  for  all  pans  of  the  cross  section. 

5.  The  moduli  of  all  of  the  materials  of  construction  can  be  treated  by  the  Complex 
Modulus  model; 

(\  The  material  model  for  the  stiffness  layers  is  transversely  isotropic  but  neglects 
the  thickness  normal  stresses.  The  axis  of  isotropy  is  parallel  to  the  mid-surface; 

7  The  materia!  model  !U  the  damping  layer  is  isotropic  but  neglects  all  of  the  nor 
mal  stresses. 

Using  assumptions  1  through  4,  the  motion  of  the  structure  can  be  expressed  in 
terms  of  five  displacement  degrees  of  freedom  (see  Figure  2).  These  degrees  of  free¬ 
dom  are  the  reference  surface  displacements  (m,°  and  w3°),  the  rotation  of  the  damping 
layer  about  the  reference  surface  (af>),  and  the  rotations  of  the  top  and  bottom  face 
sheets  (a/  and  af).  The  degrees  of  freedom  of  this  structural  model  arc  therefore  a 
generalization  of  those  found  in  constrained  layer  theory  in  that  the  top  and  bottom 
face  sheets  are  allowed  to  rotate  independently. 

The  displacements  in  terms  of  the  degrees  of  freedom  are 


Top  Face  Sheet 

«i  =  u[)(jc1.t)+  jtDaf>(x],x)+(x3-jtD)aJ(x],x)  (l) 

Damping  Layer 

«,  =  «,(,(.*,,T)-Kt  (Gt/’Ui.T)  (2) 

Bottom  Face  Sheet 

/<!  =  «{’(.*, ,t)-  jtDa]D(x],t)-b(x3-i-j(D)a{)(xhz)  (3) 

Complete  Construction 

u}  =  u\)(xl,x2,  t)  (4) 


where  the  symbol  t  is  used  to  refer  to  the  time  variable.  From  these  assumed  dis 
placements,  the  strain  fields  are  computed  using  the  strain-displacement  equations.  The 
stress  fields  are  then  found  by  applying  the  constitutive  laws. 

The  equations  of  motion  for  the  damped  beam  structure  arc  derived  using 
Hamilton’s  Principle  in  conjunction  with  ReissnriT  Variuiionai  i  neorem.  Since 
! Principle  is  only  applicable  to  conservative  systems,  the  material  properties 
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arc  initially  treated  as  he  mg  purely  elastic  without  any  damping.  The  energy  integrals, 
the  integrands  of  which  are  formed  from  the  field  variables,  are  then  minimized  for 
this  provisional,  fully  elastic  system.  The  stress  resultants  are  included  by  performing 
the  thickness  integration  of  these  integrals.  Taking  the  variation  of  the  integrals  with 
respect  to  the  generalized  displacements  and  forces  and  setting  the  coefficients  of  like 
variations  to  zero  yields  the  governing  system  of  differential  equations.  These  equa¬ 
tions  include  the  force  displacement  relations,  the  boundary  conditions  and  the  follow  ¬ 
ing  equations  of  motion 

-  /’,  t  MU?  +/fd1Z,  +  /[d,,+/fdf  =  0  C) 

- ~P,  +  Mu"  =0  (6) 


;  ,  )  +  r  13  +  /  ?u  [’  +  / 12  a  -D  +  /  i  3  /  +  /  ?  (X  f  =  0 

(7) 

o  ', 

-  M  ;  +  /  j  u  t  +  /  2  dtj  +  /  3  «/  =  0 

(«) 

■~  tn  /  m  ,  a 

I'm 

;  v/fu'f  +/fftf  +  /f  df  =  0 

(9) 

in  wine 

h  the  /•//.  rl!:. 

M\\,  M\\  and  M\\  are  the  face  sheet  and  dampiri 

g  layer 

toiee  and  moment  stress  tesnliatus,  the  !\  arc  the  applied  tractions  and  the  M ,  /f ,  etc. 
are  menial  n. awtanls 

At  this  point  the  loree-dtsplacemcnt  relations  are  substituted  into  the  equations  of 
motion.  This  yields  a  sc:  of  five  displacement-equilibrium  equations  the  unknowns  of 
which  are  the  live  functional  displacement  degrees  of  freedom.  Solutions  to  specific 
problems  are  found  by  applying  the  appropriate  set  of  boundary  conditions  and  solving 
these  equations.  In  matrix  notation  these  equations  take  the  form 

i  Af !  j u  |  +  | / 1  j  ( «  |  --  | r\  (10) 

whete  | A/  1  is  the  mass  matrix,  |/))  is  a  differential  operator  matrix,  1  u  j  is  a  vector  of 
unknown  displacement  (unctions  and  \l’  j  is  a  load  vector. 

Once  an  elastic  solution,  is  obtained,  damping  can  be  introduced  by  invoking  the 
Correspondence  Principle  in  which  the  clastic  moduli  are  replaced  by  the  complex 
vise. '.elastic  moduli  of  the  Complex  Modulus  model.  Application  ci  the  damped  beam 
model  is  therefore  limited  to  steady  state  harmonic  vibrations. 

TO  SOLUTION  FOR  MMPUY  SUPPORTED  BEAMS 

Consider  a  beam  ,.f  Cmph  a  in  the  .*  ;  direction  On  the  i,  -0  and  x  ,  -  a  edges 
iiie  beam  is  simple  supported.  For  these  tK.und»ry  emotions  '.he  Fourier  senes 
i  i  Muni  can  he  appiii d  m-  solve  equation  (!()i  using  the  following  series  expansions  lor 
! lie  P; -placement  degrees  o|  freedom 


(13) 


„  “  . ,  mux  i 

aP=  V/tf  c os( - )<,lUx 

i  " 

m  TLX  i 

«/  =  VAfcosf - (14) 

m  -I  « 

«f=  ZAr"cos(— (15) 

m=l  U 

In  these  equations  the  superscripted  constants  are  Fourier  coefficients  and  O  is  the  fre¬ 
quency  of  the  steady  state  excitation. 

The  harmonically  varying  excitations  (with  respect  to  time)  are  also  expressed  in 
terms  of  Fourier  series  expansions 

-  m  tlx,  ... 

P 1  (.x  I  ,T)  =  £FT  cos( - )e‘“x  (16) 

m- 1  a 

~  m  Tlx  i 

P3Ui.x)=  £B?sin( - -)e‘Ut  (17) 

m  - 1  a 

where  the  P/n  are  the  Fourier  coefficients  determined  from  the  Fourier  fonmilacs. 

Substituting  the  above  expansions  into  equation  (10)  results  in  an  infinite  numhci 
of  uncoupled  equations  that  can  be  grouped  into  sets  by  common  indicia]  values.  Thus 
a  set  of  live  equations  and  five  unknowns  is  obtained  for  each  indicial  value  where  the 
unknowns  of  these  equations  are  the  Fourier  coefficients  of  the  displacement  series. 
F.xpressing  these  equations  in  matrix  form  leads  to  the  following  general  expression  for 
each  indicial  value 

-n2lMlK7",|  +  [Bm||(/"'l  =  [/jm|  (IS) 

where  \Um\  is  a  vector  of  Fourier  displacement  coefficients,  |Bm|  is  a  modal  stiffness 
matrix  whose  elements  are  determined  by  the  material  and  geometric  properties  of  the 
structure,  and  |/,ml  is  a  vector  of  the  Fourier  loading  coefficients. 

The  analysis  can  be  completed  in  several  w‘>ys  depending  upon  the  type  of  in  for 
mation  desired.  For  instance,  the  dynamic  response  of  a  damped  beam  to  a  specific 
excitation  can  be  found  through  the  direct  solution  of  equation  (18).  If  however,  the 
modal  loss  factors  arc  to  be  determined  then  the  Forced  Mode  Method  |5|  is  applied. 

4.0  APPLICATIONS 
4.1  S  TRUCTURAL  DESCRIPTION 

The  beam  examined  in  this  analytical  study  has  a  length  of  25.4  cm.  The  top  aim 
bottom  face  sheets  of  the  beam  consist  of  6  stiffness  layers  with  each  layer  having  a 
thickness  of  0.1725  mm.  The  damping  layer  has  a  thickness  of  .0965  mm  Th<* 
viffncv,  Tiy.r:;  of  IM6/J501-6  carbon-epox*  with  a  liber  volume  fraction  ol 

60%.  The  properties  of  this  material  are  shown  in  Table  1  where  the  disparity  in  the 
axial  and  transverse  cxtensional  moduli  should  be  noted.  The  damping  layer  consists 
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of  1S1)  112  Scotchdamp  SJ2()15x.  The  frequency  dependence  of  the  storage  and  loss 
moduli  of  this  material  are  accounted  for  in  the  analysis.  The  mass  density  of  the 
damping  material  is  .98  gtrt/cc. 

To  study  the  effects  of  compliant  layering  on  structural  damping,  the  fiber  rein¬ 
forced  layers  adjacent  to  the  damping  layer  are  given  a  90  degree  off-c:;:s  orientation 
with  respect  to  the  coordinate  direction.  The  off-axis  orientation  of  the  inner  layers 
makes  these  layers  compliant  with  respect  to  the  x  1  coordinate  direction.  Therefore  this 
particular  type  of  lamination  serves  as  a  compliant  layer  design. 

The  notation  used  to  specify  the  structural  arrangement  of  the  damped  beams  is 
identical  to  that  used  for  laminations  of  advanced  composites  except  for  the  addition  of 
the  symbol  cl  which  will  indicate  the  presence  of  a  damping  layer.  For  instance,  the 
baseline  structure  for  this  study,  so  called  because  it  does  not  include  compliant  layer¬ 
ing  effects,  is  designated  ()h  Ui  /()h. 

4.2  NUMERICAL  RESULTS 

Figure  3  shows  the  loss  factors  of  four  different  damped  beams  for  the  first  five 
bending  modes  of  vibration  (Figures  3  to  6  repeat  results  that  can  be  found  in  Refer¬ 
ences  3  and  4).  Here  it  is  seen  that  there  is  little  or  no  gain  in  damping  for  the  funda¬ 
mental  mode  but  that  in  the  higher  modes  the  compliant  layered  laminates  have 
signilicantly  greater  loss  factors.  (The  matching  of  natural  frequencies  of  the  beams 
indicates  that  the  gam  in  dumping  is  not  due  to  changing  material  properties.) 

The  goal  id'  a  damping  design  is  to  reduce  resonant  stresses  and  displacements. 
This  is  achieved  by  increasing  the  structural  loss  factor  which  in  a  compliant  luyer 
design  is  accomplished  by  sacrificing  static  stiffness  (i.e.  through  the  use  of  90  degree 
layer  orientations).  It  is  necessary  then  to  verify  that  the  structural  response  actually 
decreases  in  the  highly  damped  but  more  flexible  compliant  layer  designs.  To  analyti¬ 
cally  test  the  response,  the  structures  are  subjected  to  forcing  functions  that  approxi 
mutely  excite  the  resonant  response  (the  approximation  is  introduced  by  not  accounting 
for  the  negligible  moment  and  tn-plane  components  of  the  load  vector  that  are  required 
by  the  Forced  Mode  method  for  a  strict  proportionality  to  the  inertia  loading).  Figure  4 
shows  the  result  of  this  computation  where  the  amplitude  of  the  transverse  displace 
meats  have  been  normalized  with  respect  to  the  modal  response  of  the  baseline  beam. 
Except  for  the  fundamental  mode  where  virtually  no  improvement  is  achieved,  the 
analysts  predicts  reduced  resonant  responses.  (The  failure  of  complaint  layering  to  aid 
in  controlling  the  response  of  the  fundamental  mode  is  attributed  to  the  dimensions  of 
the  particular  configuration  being  examined.) 

The  controlling  parameter  in  increasing  the  damping  in  the  compliant  layered 
designs  is  the  extension.!!  modulus  of  the  compliant  layers,  This  is  seen  in  Figure  5 
where  the  modulus  of  the  inner  layers  is  vuried  parametric ul I y  as  a  percentage  of  the 
modulus  of  the  outer  layers.  The  loss  factor  directly  increases  with  decreasing 
modulus.  This  mod,:!.: :  a  iso  controls  the  phase  lug  between  the  damping  layer  rotation 
((/!')  and  the  other  displacement  degrees  of  freedom  (which  respond  approximately 
in  phase).  Figure  6  shows  that  this  phase  lag  increases  with  decreasing  modulus. 
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To  test  the  hypo'h^MS  ih:u  complaint  layering  leads  to  higher  energy  dissipation 
through  greater  in-plane  translations  of  the  face  sheets,  the  following  ratios  are  formal 
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in  which  the  subscript  t  is  used  to  refer  to  a  particular  design  and  the  vertical  bars 
indicate  the  amplitude  of  the  listed  degree  of  freedom.  The  ratio  R “  is  a  measure  of 
the  amount  of  core  rotation  (shearing)  that  occurs  per  transverse  displacement.  The 
ratio  R i  is  a  relative  measure  of  the  resonant  response.  For  the  first  four  modes  of 
response  Table  2  shows  these  ratios  and  the  corresponding  loss  factors  for  the  baseline 
beam  and  three  compliant  layer  designs.  In  each  mode  it  is  seen  that  the  design  that 
leads  to  the  highest  Rp  also  has  the  lowest  resonant  response  and  the  highest  loss  fac¬ 
tor.  This  indicates  that  compliant  layering  affects  the  response  by  increasing  the  rate  of 
core  shearing. 

It  can  be  argued  that  the  relationship  between  the  material  properties,  the  struc¬ 
tural  configuration  and  the  dynamic  response  is  very  complex  and  that  the  benefits  in 
mechanical  behavior  obtained  in  the  compliant  layer  design  can  be  attributed  to  reach¬ 
ing  an  optimum  balance  of  conventional  design  parameters  rather  than  to  the  compliant 
layering.  Since  in  the  previous  analysis  the  thicknesses  of  the  stiffness  and  damping 
layers  were  restricted  to  commercially  available  sizes  this  may  very  well  be  the  case. 
To  examine  this  issue  an  additional  analytical  test  is  performed.  For  an  excitation  that 
excites  specific  modes  of  response,  fix  the  thicknesses  of  the  face  sheets  and  vary  the 
thickness  of  the  damping  layer  until  the  response  is  minimized  The  result  is  an  optim 
i/eil  damping  design  for  that  specific  excitation  using  conventional  design  practice.  At 
this  point  compliant  layering  is  introduced  to  see  if  a  further  reduction  in  response  can 
be  achieved.  Table  3  shows  the  results  of  such  an  analysis  for  each  of  the  first  four 
modes  of  response.  In  each  mode  the  compliant  layering  design  yields  an  improvement 
over  the  optimized  conventional  design.  Figures  7  and  8,  which  show  this  information 
plotted  against  the  resonant  frequency,  indicate  that  the  improvements  are  not  due  to 
changes  in  the  amplitude  of  the  forcing  function  or  to  changes  in  the  frequency  depen¬ 
dent  material  properties. 

5.0  CONCLUSIONS 

In  order  to  examine  the  use  of  compliant  layering  in  damped  structures  a  struc¬ 
tural  theory  was  developed  and  applied  to  a  simple  but  representative  structural  sys 
(cm.  The  analytical  study  revealed  that  compliant  layering  can  increase  the  efficiency 
of  damping  designs  by  increasing  the  modal  damping  and  reducing  the  forced 
response.  The  work  presented  here  supports  the  following  conclusions  that  were  previ 
ously  reported  in  References  3  and  4. 

Compliant  layering,  which  is  trie  replacement  of  face  sheet  material  with  a  less 
stiff  material  at  the  interface  of  the  face  sheets  and  the  damping  layer,  affects  the 
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dynamic  response  of  the  beam  through  the  alteration  of  in-plane  extensional  stiffness 
properties.  This  creates  a  mechanism  for  increasing  the  rate  of  shearing  in  the  damping 
material  by  increasing  the  relative  in-plane  displacements  c.f  the  face  sheets.  The  rate 
of  shearing  and  the  associated  energy  dissipation  were  found  to  increase  as  the 
modulus  of  the  compliant  layer  was  reduced.  However,  there  is  a  limitation  to  this  pro¬ 
cess  since  the  moduli  of  the  compliant  layer  must  be  high  enough  to  confine  tiie  shear 
deformation  to  the  damping  layer. 

Compliant  layering  can  also  be  used  to  reduce  the  weight  of  damped  structures 
since  compliant  materials  are  generally  less  massive  than  stiff  materials.  For  instance, 
metallic  face  sheets  that  incorporate  a  glass-epoxy  compliant  layer  can  have  improved 
dynamic  resistance  at  a  reduction  in  weight.  This  same  effect  can  be  achieved  by 
merely  removing  some  of  the  material  on  the  inner  side  of  the  face  sheets  through 
grousing,  waffling  or  scoring  this  surface. 

Compliant  layering  introduces  challenges  to  the  fabrication  process  since  it 
involves  either  the  mating  of  dissimilar  materials  |6|  or  the  unbalancing  of  quasi- 
isotropic  laminates.  Also,  there  will  be  additional  steps  in  the  laminate  fabrication 
which  will  add  to  the  cost  of  building  these  components.  Nevertheless,  depending  upon 
the  total  cost  of  construction,  compliant  layering  offers  an  important  design  option  in 
the  use  of  damped  bending  structures. 
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Axial  Extcnsional  Modulus 

148.  GPa 

Transverse  Extensional  Modulus 

8.96  GPa 

Axial  Poisson’s  Ratio 

.35 

Axial  Shear  Modulus 

4.48  GPa 

Transverse  Shear  Modulus 

2.07  GPa 

Axial  l.oss  Factor 

.00128 

Transverse  Loss  Factor 

01  10 

Shear  l.oss  Factor 

oi  :o 

Mass  Density 

1 .52  gni/cc 

Table  1  Material  Properties  of  IM6/3501  -6  (’arbon-lvpoxy 
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Beam  Structure 
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Measure  of  the  Rate  of  Core  Rotation 
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The  Modal  Structural  Loss  factor 
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fable  2  Core  Rotation  per  Transverse  Deflection  tor  l  our  Damping  Designs 
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1  Mode 

Design  ( ! ) 

i' 

r‘ 

*1, 

Displacement  (2) 

t 

mm 

mm 

mm 

1 

B 

TKK) 

— 

1.035 

~ 

.36 

1.00 

C 

.310 

.725 

.185 

.42 

.86 

1 

| 

B 

.(KM) 

1.035 

.085 

.32 

1.00 

C 

.290 

.745 

.085 

.37 

87 

3 

1 

B 

- - - 

.(XX) 

1 .035 

.050 

.29 

1.00 

i 

(' 

.270 

765 

.050 

.34 

.88 

,  1 

B 

.(XX) 

1.035 

.035 

.28 

1.00 

| 

(' 

.  .. 

.290 

.745 

.. 

.035 

.33 

.87 

Notation: 

i 1  Hie  total  thickness  of  the  layers  with  a  90  degree  orientation  (Compliant  Layer), 
f  The  total  thickness  of  the  layers  with  ti  0  degree  orientation. 
i  ‘  The  thickness  of  the  viscoelastic  layer. 

t  I )  Stm>'t\iral  design. 

It  Optimized  design  using  conventional  design  practice. 

(’  -  Optimized  design  using  compliant  layering. 

:  The  amplitude  of  the  transverse  displacement  is  normalized  with  respect  to  the 

response  found  for  the  conventional  design. 


l  able  3  Optimized  Designs 
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Figure  1  Damped  Sandwich  Beam 
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Figure  2  The  Displacement  Degrees  of  Freedom 
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Figure  3  Modal  Damping  for  Bending  Modes  1  to  5 
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Figure  6  The  Phase  Lag  of  the  Core  Rotation  vs  the  Modulus  of  the  Compliant  Layer 


IM6/3501-6  Beam  with  ISD  112  Core 
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Figure  7  Modal  Damping  for  Optimized  Designs 


IM6/3501-6  Beam  with  ISD  112  Core 
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Figure  8  Normalized  Forced  Deflection  for  Optimized  Designs 
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Damping  Steel  Sheet  after  Deep  Drawing 
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The  Damping  Property  of  Laminated  Damping  Steel  Sheet  after  Deep  Drawing 


Abstract 


The  damping  property  of  laminated  damping  steel  sheet  is  affected  by  shear 
deformation  of  viscoelastic  layer,  a  constraint  produced  by  the  mutual  slip 
between  two  steel  sheets  under  a  bending  vibration  mode.  So,  the  bonding  of  the 
viscoelastic  layer  to  steel  sheets  is  critical  to  the  damping  property. 

Sometimes,  laminated  damping  steel  sheet  becomes  unbonded  locally  from  the 
viscoelastic  layer  because  of  an  excessive  relative  slip  between  two  steel 
sheets  caused  by  a  deep  drawing. 

It  was  found  that  by  using  the  transmittance  of  ultrasonic  wave,  the 
unbonded  area  of  laminated  damping  steel  sheet  can  be  detected  without  cutting 
it  oft.  The  validity  of  this  method  was  confirmed  by  the  T -Pee I  test  which 
was  conducted  after  the  sheet  was  cut  off. 

The  damping  property  measured  at  the  we!!  of  a  deep  drawn  oil  pan,  was 
compared  with  a  one  for  a  laminated  damping  steel  sheet  not  drawn  yet. 

It  was  found  that  the  damping  property  and  the  noise  reduction  effect  of 
a  sheet  after  deep  drawing  were  reduced  in  reverse  proportion  to  the  widening 
unbonded  area. 

1  Introduction 

Steel  sheet  panels  used  for  main  components  of  a  structure  induce,  in  many 
cases,  vibrations  of  bending  modes  and  become  a  source  of  big  noises. 

The  laminated  damping  steel  sheet  is  incorporated  not  only  with  a  normal 
function  of  steel  sheet  but  also  with  a  damping  characteristic  and,  therefore, 
a  substantial  degree  of  reduction  in  vibration  and  noise  can  be  achieved  when 
it  replaces  an  original  steel  sheet.  This  is  an  attractive  feature  from  the 
design  point  of  view  since  a  basic  structure  of  design  can  be  retained  as  it  is 
without  making  anv  modifications  or  alterations.  The  range  of  application  for 
the  mat im  i <il  ol  this  type  has  been  expanded  lemarkably  after  an  application  to 
a  deep  di awn  component  pail  was  made  feasible  by  great  improvements  achieved  in 
t  lie  sheet  t  ormab  i  I  1 1  y . 

There  are  many  covers  attached  to  the  exterior  of  reciprocating  engines  used 
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in  the  motor  vehicles.  They  are  the  major  sources  of  noises  and,  in  particular, 
an  oil  pan  has  been  known  as  being  one  of  the  big  noise  sources. 

An  example  of  noise  contribution  ratio  of  various  engine  components  is  shown 
in  Fig.  1.  A  press  formed  steel  street  oil  pans  are  generally  used  by  the 
Japanese  motor  industries.  Since  a  press  die  us°d  for  forming  an  oil  pan  ol 
original  steel  sheet  can  be  used  without  supplementing  a  major  modification  and 
also  assisted  by  improvements  achieved  in  the  formability  as  mentioned  above, 
the  use  of  laminated  damping  steel  sheet  for  the  oil  pan  production  was  spread 
quite  rapidly. 

Stimulated  by  such  application  in  massproduct ion  system  of  the  motor 
industries,  applications  by  other  industries  were  commenced  and  grew  in  a  short 
period  of  time.  The  consumption  of  such  materials,  therefore,  has  grown  in  an 
amazing  speed  in  Japan  for  the  last  few  years. 

The  laminated  damping  steel  sheet,  however,  has  problems  still  to  be  solved. 
They  are  weldability,  formability,  bolt  loosening,  loss  of  bending  stiffness, 
etc.  Those  problems  can  be  solved  not  only  by  the  improvement  in  steel  sheets 
and  damping  films  but  also  by  the  special  design  considerations  given  to  a 
portion  of  structure  where  such  a  material  is  used.  In  order  to  acquire 
satisfactory  solutions  to  such  problems,  it  is  essential  to  get  a  full 
knowledge  of  the  nature  of  problem. 

In  this  paper,  a  cons iderat ion  will  be  given  to  the  effect  of  deep  drawing 
to  the  damping  character i st i c  of  the  sheet.  This  is  a  critical  problem  as  it  is 
closely  associated  with  a  loss  of  fundamental  mechanism  of  the  damping  effect. 
An  oil  pan  is  typically  a  deep  drawn  component  part  and  can  be  a  good  example 
representing  an  involvement  with  this  problem.  It  was  quite  incidental  that  the 
first  full  scale  use  of  this  material  in  Japan  was  directly  involved  with  one 
of  the  most  difficult  problems. 

2  Shear  Deformation  of  Damping  Layer 

When  a  bending  deformation  is  brought  to  a  laminated  damping  steel  sheet  in 
a  press  operation,  the  deformations  as  shown  in  Fig.  2  takes  place  in  the 
damping  layer  due  to  the  tensile  or  compression  deformation  similar  to  the  ones 
given  to  two  steel  sheet  and  the  shear  deformation  caused  by  the  mutual  slip 
appeared  between  those  two  sheets. 

The  damping  layer  is  a  film  of  high  polymer  resin  and,  therefore,  is  able  to 
withstand  substantially  layer  deformation  than  steel  sheets.  The  tensile  and 
compression  deformations  on  high  polymer  resin  are  in  the  same  magnitude  as 
those  on  surrounding  steel  sheets  and  will  not  create  any  problem:,  by 
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themselves,  however .  since  the  shear  deformation  of  damping  layer  is  formed  by 
.1  force  generated  by  the  mutual  slip  two  of  steel  sheets  and  the  magnitude  is 
considerably  larger,  it  is  sometimes  brought  into  a  zone  where  some  problems 
may  start  to  appear. 

As  obvious  in  fig.  3,  damping  layer's  shear  curve  has  a  linear  elasticity 
zone  and  a  plastic  deformation  zone  even  though  they  are  not  defined  as 
distinctively  as  a  metal.  The  curve  goes  through  the  maximum  shear  stress  point 
and  is  terminated  by  a  rupture  of  layer,  that  is,  a  separation.  (1)  Maximum  slip 
5mm,  prevailing  in  such  an  instance  will  be  in  a  magnitude  inherent  to  the 
material  and  proportional  to  the  thickness  of  damping  layer. 

Fig.  4  shows  the  distribution  of  mutual  slip  appeared  between  two  steel 
sheets  of  laminated  damping  steel  sheet  when  it  was  bent  to  most  fundamental 
V  form  by  a  press.  Slits  were  provided  on  the  side  of  rectangular  piece  of 
laminated  damping  stee.  sheet  and  the  rate  of  slippage  between  two  steel  shoots 
was  measured  after  the  piece  was  bent  by  a  press.  Obviously  in  the  figure,  the 
slip  becomes  largest  in  the  border  zone  between  circular  arc  and  flat  flange 
areas. 

Fig.  5  shows  the  distribution  of  mutual  slip  between  two  steel  sheets  when  a 
test  strip  piece  is  drawn  into  a  channel  form.  (S>  The  cross  section  of  the 
piece  is  resembled  to  that  of  an  oil  pan.  Since  the  flange  zone  C~D  was  held 
firmly  to  prevent  wrinkling  during  the  formation  and  the  bottom  line  A~B  has  a 
symmetry  against  the  center  line  which  passes  through  point  A,  the  mutual  slips 
between  two  steel  sheets  in  those  two  zones  are  virtually  nil.  A  large  mutual 
slip  appear  on  (he  side  portion  8~C,  a  portion  located  between  the  said  two 
portions,  simply  because  of  the  right  angle  bendings  provided  at  both  ends  of 
this  portion.  The  magnitude  of  mutual  slip  movement  varies  extensively  and 
complexly  while  the  piece  is  formed  in  a  press.  Details  of  mechanism, 
therefore,  have  not  been  clarified  yet. 

When  a  laminated  damping  steel  sheet  is  used  for  an  oil  pan  having  a  cross 
section  in  a  form  as  shown  in  Fig. 5,  therefore,  the  damping  layer  in  the  side 
wall  will  be  subjected  to  a  large  shear  deformation.  Fig.  5  (b)  shows  that  as  a 
die  corner  radius  is  increased,  the  maximum  mutual  slip  becomes  smaller.  This 
shows  that  a  shear  deformation  of  damping  layer  can  be  reduced  by  a 
modification  of  pressing  die.  However  it  results  in  restricting  die  radius  Rd 
necessary  for  securing  the  width  of  flat  range  portion. 

As  shown  in  I  ig.  6,  the  damping  effect  demonstrated  by  the  laminated  damping 
steel  sheet  in  bending  vibration  mode  is  brought  forth  by  the  shear  deformation 
ot  high  polymei  resm  layer  sandwitched  between  two  st^3l  sheets.  Under  such 
i i i cumst ance,  theiefore,  if  an  excessive  shear  deformation  is  loaded  on  a 
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damping  layer  by  a  press  operation  and  the  layer  is  seperated  from  the  steel 
sheet,  the  basic  function  of  the  damping  layer  is  lost. 

3  Ultrasonic  1 i ansmi ttance  Measurement  of  Adhesion  of  Damping  layoi 

The  measurement  of  adhesion  of  damping  layer  by  an  ultrasonic  transmittance 
method  is  shown  in  Fig.  7.  Since  the  condition  of  adhesion  can  be  checked  by 
this  method  without  destroying  a  product,  it  becomes  much  easier  to  check  for  a 
damage  of  damping  layer  caused  by  a  press  operation  as  shown  in  the  above  the 
method  can  also  be  applied  to  an  evaluation  of  laminated  damping  steel  sheet  in 
the  development  stage  as  well  as  to  an  conditioning  made  in  a  production  line. 

The  gain  of  ultrasonic  transmi ttance  indication  should  be  adjusted  to  a  full 
scale  '10'  on  a  sheet  having  a  good  adhesion  before  it  is  formed  by  a  press 
machine.  The  evaluation  criteria  for  a  good  adhesion  should  be  scale  8  or 
above,  no  good  adhesion  scale  2  or  below  and  uncertain  and  unreliable  adhesion 
scale  between  2  to  8. 

Those  criteria  are  compared  with  T-Peel  strength  in  tig.  8  (2).  Though  they 
do  not  match  perfectly,  the  correlation  between  two  systems  verifies  the 
sufficient  practicability  of  such  evaluation. 

Fig.  9  shows  the  result  of  ultrasonic  transmittance  test  performed  by  the 
method  shown  in  Fig.  7  on  the  adhesion  of  damping  layer  of  an  engine  oil  pan  as 
an  example  of  laminated  damping  steel  sheet  with  a  major  press  formation.  It 
indicates  that  separations  of  damping  layer  took  place  locally.  The  evaluation 
was  verified  by  a  T-Peel  strength  test  which  was  performed  later  on  the  same 
specimen.  The  result,  meanwhile,  indicates  that  an  application  in  a  deep  drawn 
oil  pan  gives  a  laminated  damping  steel  sheet  a  very  harsh  processing. 

Shear  deformation  caused  on  the  damping  layer  is  large  on  the  side  wall  as 
shown  in  Fig.  5  and,  therefore,  this  area  is  more  susceptible  to  an  incomplete 
adhesion  which  means  separation.  The  possibility  of  separation  is  reduced  on 
the  right  wall  because  of  a  local  protrusion  provided  on  it.  Some  separation 
is  noted  on  the  bottom  surface  due  to  nonsymmetry  of  the  left  and  the  right  as 
well  as  the  front  and  the  rear  walls.  It  is  a  very  complicated  phenomenon. 

Fig.  10  shows  the  result  of  vibration  test  performed  on  pieces  of  laminated 
damping  steel  sheet  derived  from  the  side  and  the  bottom  walls  of  oil  pan  as 
shown  in  Fig.  9.  It  is  indicated  that  the  piece  retain  good  damping  property 
from  the  bottom  wall  and  no  good  one  from  the  side  wall.  The  evaluation, 
meanwhile,  obtained  by  the  ultrasonic  transmittance  test  was  found  no  good  on 
the  side  wall  and  good  for  the  bottom.  So,  reduction  of  damping  char arteiist ic 
due  to  partial  separations  of  damping  layer  can  be  seen  in  lire  graph. 
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4  Structure  Damping  in  Complex  Structure  and  V  Value 

Required  for  Damping  Treatment 

Tig.  11  shows  an  example  of  structure  damping  measured  on  a  rec i procat  i ng 
engine.  The  basic  structure  of  an  engine  is  constituted  by  cast  iron  cylinder 
block,  cylinder  head,  etc.  and  V  value  of  those  component  materials  is 
approximately  0.001.  According  to  Fig. 11.  V  value  for  engine  structure  is 
between  0.01  and  0.04,  about  10  times  as  large  as  V  of  materials. 

fhis  is  due  to  ’he  structure  damping,  a  combination  of  friction  damping 
produced  by  each  bolt  joint  face,  etc.  and  oil  damping  produced  by  an  oil  film 
formed  on  the  bearings  of  various  rotating  shafts.  La-ger  V  values,  shown 
there  while  the  engine  is  in  j  running  condition,  are  realized  by  the  damping 
effect  of  oil  films  formed  on  the  bearings  by  the  rotation  of  shafts. 

for  the  purpose  of  an  accomplishment  of  damping  treatment  for  the  reduction 
of  vibration  and  noise  on  a  very  complicated  structure  as  engine,  a  target  V 
to  be  set  is  recommended  to  be  larger  than  0.1  by  the  past  experiences  because 
the  effect  of  original  structure  damping  is  quite  large. 

5  7i  Value  of  Pressed  Laminated  Damping  Steel  Sheet  Component  and  its  Lffect 

fig.l?  shows  the  cantilever  beam  measurement  method  of  loss  factor  V  for  a 
laminated  damping  steel  sheet.  A  steel  spacer  is  inserted  between  two  steel 
sheets  in  lieu  of  a  damping  resin  laver  in  the  portion  where  the  beam  is  fixed 
In  the  clamping,  block  to  accommodate  an  adaptability  to  boundary  condition. 

’l  of  laminated  damping  steel  sneet  measured  by  the  method  shown  in  Fig.  12 
before  it  is  formed  by  a  press  is  shown  in  Fig. 13.  Nomogram  and  shift  factor 
calculated  by  the  data  in  Fig. 13  are  shown  in  Fig. 14  Fig. 15  snows  the 
temperature  and  f-eauency  characteristic  of  viscoelastic  material  itself. 

In  consideration  of  the  structure  damping  in  a  bolted  condition,  the  method 
of  V  measurement,  on  an  oil  pan  made  of  laminated  damping  steel  sheet  arid 
installed  on  an  engine,  is  shown  in  fig,  16.  The  temperature  of  di  in  the  oil 
pan  is  constantly  regulated  to  a  certain  level  because  the  damping, 
characteristic  of  laminated  damping  steel  sheet  is  greatly  influenced  bv  the 
temperature.  iig.W  shows  the  result  of  test  in  fig. 16. 

fhe  solid  line  in  fig.  17  is  the  damping  characteristic,  derived  ft,, in  the 
calculation  ot  vivuelastic  data  shown  in  fig.  15.  The  line  i  nd.  cates  ’’  wti  i  <  h 
ir>  the  same  is  i  lie  one  f  oi  the  laminated  damping  steel  sheet  rut  pr  ocessed  hy  a 
pt  ess,  obviously  cie.it  o’  mutual  slip  of  stee  I  Sheets,  and  sibiected  to  the 
same  vibration  mode,  'his  sheet  us  a  lu  gh  temper  at  i:?  •  type  wh  u  h  delivers  the 
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maximum  V  value  at  around  1 0  ‘ C,  a  temperature  at  which  an  oil  nan  i usually 
kept  while  an  engine  is  in  operation.  It  has  V  value  exceeding  0,1  in  a  wider 
range. 

In  comparison  to  this  solid  line,  there  is  a  substantial  i eduction  ol  V 
value  on  a  laminated  damping  steel  sheet  after  it  is  formed  into  an  oil  pan.  As 
shown  m  Tig. 9,  separation  of  damping  layer  takes  place  more  often  on  the  left 
side  wall  of  oil  pan.  For  this  reason,  the  reduction  of  V  on  the  left  side 
wall  becomes  larger  to  an  extent  that  it  goes  under  0.1,  the  value  which  is  put 
up  as  the  target  for  V  by  the  past  experiences.  u> 

Fig. 18  shows  the  effect  of  laminated  damping  steel  sheet  realized  on  sound 
power  level  at  various  points  on  an  outer  surface  of  oil  pan  while  an  engine  is 
in  operation.  It  is  noted  that  a  close  correlation  exists  between  this  effect 
and  the  adhesion  of  damping  layer  shown  i n  F i g. 9  as  we  I  I  as  7l  value  shown  in 
Fig. 17. 

Fig. 19  shows  sound  pressure  measured  on  the  left  side  wall  and  the  bottom  of 
oil  pan.  The  plots  show  that  a  noise  reduction  ranging  from  1  to  ?  dfl(A)  was 
accomplished  on  the  left  side  wall  and  2  to  3  dB ( A)  on  the  bottom.  Both 
indicate  that  substantial  damping  was  accomplished.  Fven  though  an  accurate 
comparison  was  not  made  in  this  case.  60  58  to  80  35  sound  power  of  the  oil  pan 
is  normally  supplied  by  the  resonant  peak  of  an  outer  panel  which  yields  to  a 
damping  effectively.  And,  therefore,  if  a  large  V  value  is  made  ava'lable, 
much  larger  noise  reduction  will  become  feasible. 

6  Summary 

From  the  above,  it  can  be  said  that  a  laminated  damping  steel  sheet  before 
it  undergoes  a  press  forming  operation  will  have  a  substantially  large  7)  value 
than  those  of  general  structured  components  but  if  a  separation  of  damping 
layer  from  steel  sheets  are  caused  by  the  bending  operation  of  pi  ess,  there 
could  be  a  large  reduction  of  V  value  to  an  extent  that  sometimes  it  goes 
under  the  expected  value  though  all  the  damping  effect  is  nr‘  necessarily  lost. 
For  the  compensation  of  such  reduction,  an  increase  uf  maximum  permissible 
mutual  shi  ,  6  Ma»,  of  damping  layer  by  material  improvement,  review  of  press 
operation  conditions,  increase  of  layer  thickness,  etc.  are  being  studied, 
however,  a  modification  in  pressed  form  where  the  mutual  slip  can  furthi ,  be 
restrained  should  be  explored,  too.  Increasing  the  thickness  of  damping  layer 
is  relatively  simple  method  but  it  may  create  new  problems  in  holt  loosening  nr 
press  tnrmubility  of  steel  sheet  and,  therefore,  its  application  is  lather 
limited  . 


Hi.*'- 7 


Under  the  c u cumstances,  diversified  studies  in  applied  engineerings  in  the 

fields  of  materials,  production  engineering,  designs,  etc.  as  mentioned  above 

should  be  carried  out  for  an  accomplishment  of  noise  reduction  in  a  de*>r  drown 

product  such  as  an  engine  oil  pan  as  it  was  discussed  in  this  paper. 
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Mutual  Slip  between  Two  Steel  Sheets  of  Laminated 
Damping  Steel  Sheet  after  V-Press  Sending 
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Fig.  15  Temperature  and  Frequency  Characteristic  of  Viscoelastic 
Material  (Damping  Layer  of  Laminated  Sheet) 


PRACTICAL  DESIGN  AND  ANALYSIS  OF  SYSTEMS  WITH  FRACTIONAL 
DERIVATIVE  MATERIALS  AND  ACTIVE  CONTROLS 


Daniel  R.  Morgenthaler  * 
Martin  Marietta  Astronautics  Group 
Denver,  CO 


ABSTRACT 

The  fractional  derivative  model  of  viscoelasticity  is  considered  to  be  the  most 
exact  representation  of  viscoelastic  material  behavior,  as  it  is  based  on  the  molecular 
theory  of  polymers.  The  classical  fractional  derivative  expanded  equations  of  motion, 
however,  result  in  extremely  large  eigenproblems  which  are  intractable  for  typical 
damped  structural  systems. 

This  paper  discusses  a  procedure  and  numerical  algorithms  which  can  be  used 
in  the  design  and  analysis  of  structures  incorporating  viscoelastic  materials.  Modal 
strain  energy  methods  are  used  during  the  preliminary  design  phases,  permitting 
inexpensive  design  iterations  and  structural  modifications.  After  a  satisfactory  design 
is  achieved,  the  solution  to  the  problem  is  then  generated  using  the  frequency- 
dependent  complex  impedance  matrix  implied  by  the  fractional  derivative  model.  The 
eigensolution  is  generated  using  an  accelerated  complex  subspace  iteration 
procedure  with  spectral  shifting.  This  technique  provides  the  accurate  solution  to  the 
fractional  derivative  eigenproblem  with  minimal  computational  requirements.  When 
the  complex  open-loop  modes  are  placed  in  an  appropriate  state-space  form,  active 
controls  can  then  be  directly  applied  to  the  reduced-order  model. 

The  application  of  the  method  to  an  example  problem  with  many  degrees  of 
freedom  demonstrates  that  the  method  provides  accurate  closed-loop  results,  and  can 
be  implemented  inexpensively  on  large-scale  structural  systems.  Most  importantly,  the 
results  show  that  the  technique  will  be  required  for  the  application  of  sophisticated 
modern  control  algorithms  to  damped  systems,  and  that  the  use  of  the  modal  strain 
energy  technique  to  generate  the  open-loop  system  mode!  for  use  in  closed-loop 
analyses  can  provide  results  which  are  significantly  in  error. 
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1.0  Introduction 


Vibration  control  through  the  combined  use  of  passive  ana  active  means  has 
become  an  accepted  method  of  performance  enhancement  for  space  systems  with 
requirements  for  dimensional  precision  and  stability.  The  Passive  and  Active  Contrci 
of  Space  Structures  (PACGSS)  Program  has  suown  that  very  accurate  models  cf 
damped  or  undamped  structures  are  required  for  successful  implementation  cf 
modern  control  strategies  The  Modal  Strain  Energy  (MSE)  method  is  a  well  known 
analytic  method  of  approximating  the  behavior  of  damped  systems  with  viscoelastic 
damping  t.^atments,  and  this  method  serves  as  an  outstanding  tool  for  the  design  cf 
complex  structural  systems  with  damping.  As  the  MSE  method  is  an  approximation  cf 
the  behavior  of  the  damped  system,  the  results  of  analyses  using  the  MSE  solution 
must  be  used  cautiously. 

The  representation  of  the  behavior  of  viscoelastic  materials  is  most  accurately 
described  using  fractional  derivative  models  [1-5].  These  models  have  their  origin  in 
the  molecular  behavior  of  polymers,  and  have  been  shown  to  accurately  describe  the 
behavior  of  many  materials  which  lose  energy  in  cyclic  vibration.  However,  tha 
fractional  derivative  reoresentation  of  material  behavior  in  the  modeling  of  large-seal  a 
structural  systems  has  generally  been  disregarded,  due  to  the  absence  of  numerical 
procedures  which  solve  the  equations  of  motion  in  an  efficient  manner. 

This  paper  discusses  a  procedure  which  has  been  developed  to  efficiently 
design  and  analyze  structural  systems  with  materials  which  can  be  described  by 
fractional  derivative  models,  and  provides  an  accurate  reduced-order  state-space  torn 
which  can  be  used  to  design  nigh-authority  modern  control  systems  and  predict 
system  performance  This  method  relies  on  an  iterative  solution  of  the  differential 
equations  of  motion  in  the  Laplace  domain,  which  is  termed  spectral  iteration.  This 
method  is  used  in  conjunction  with  the  subspace  iteration  eigensoh  ‘ion  procedure  to 
develop  an  efficient  numerical  algorithm  for  the  solution  of  large  fractional  derivative 
eigenproblems  typical  cf  those  which  may  be  encountered  in  realistic  structural 
applications. 

The  MSE  method  is  the  first  step  in  this  iterative  process  Therefore,  the  new 
technique  can  be  incorporated  into  an  efficient  design  and  analysis  methodology 
which  uses  the  MSE  approximation  during  preliminary  des'gn  stages,  and  improves 
the  accuracy  of  the  analysis  as  the  design  matures. 

Through  a  sufficiently  complex  example  problem,  the  new  technique  is  shown 
to  provide  a  system  reor:ser.tauon  which  may  be  used  in  the  design  of  high-authority 
control  systems,  and  to  predict  the  closed-loop  performance  of  passive/active  systems. 
The  number  of  the  degrees  of  freedom  of  the  example  problem  is  large  enough  to 
demonstrate  that  the  procedure  can  be  used  for  the  solution  of  realistic  problems  with 
viscoelastic  damping  treatments.  It  is  aiso  shown,  however,  rhat  control  designs  whicn 
are  generated  based  on  a  MSE  plant  mode!  and  exercised  on  rhe  fractional  derivative 
plant  may  have  performance  which  is  senously  degraded  when  compared  wito 
analytic  predictions,  and  may  even  be  unstable 


The  new  technique  can  be  successfully  used  for  materials  represented  using 
any  order  fractional  derivative  constitutive  model,  and  indeed  for  any  representation  of 
the  material  behavior  in  the  Laplace  domain.  The  procedure  may  even  prove  to  be 
more  efficient  in  the  eigensolution  of  large-scale  problems  which  incorporate  classical 
viscous  damping  than  those  which  are  presently  available  in  many  finite  element 
codes.  Further  development  of  this  and  similar  methods  should  result  in  techniques 
which  can  be  effectively  used  on  large-scale  systems  of  the  future  with  vibration 
control  reauirements. 

2.0  The  Fractional  Derivative  Representation  of  Material  Behavior 

The  fractional  derivative  model  of  viscoelasticity  is  developed,  hased  on  a 
fractional  derivative  representation  of  the  relationship  between  stress  and  strain  within 
a  viscoelastic  material  [1 ,2], 

M  N 
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where  t  (t)  is  the  material  stress,  y  (t)  is  the  material  strain,  the  bm  and  Gn  are  real 
constants,  and  Dk  is  the  fractional  derivative  operator  of  order  k. 

A  5-parameter  model  can  be  developed  which  includes  a  single  fractional 
derivative  of  both  stress  and  strain.  In  the  Laplace  domain,  this  provides  a  Young’s 
modulus  and  shear  modulus  which  are  the  ratios  of  the  Laplace  transforms  of  stress 
anH  oirain,  and  depend  on  the  Laplace  variable  (frequency).  Using  the  5-parameter 
model,  the  shear  modulus  can  be  expressed: 


T  (co)  Gq  +  G 1  s 
Y(u)  1+bs^ 


(2) 


An  additional  constraint  on  the  representation  in  equation  (2)  is  that  the  values 
of  the  powers  a  and  p  must  be  equal  to  be  consistent  with  thermodynamic 
considerations  [3].  This  representation  of  material  behavior  is  consistent  with  the 
macroscopic  behavior  of  many  rubbery  and  glassy  materials,  and  is  based  on  the 
molecular  theory  of  polymers.  Experimental  data  of  the  frequency-dependent 
behavior  of  a  material  can  be  fit  using  the  fractional  derivative  model  to  allow  the 
description  of  the  material  behavior  in  the  frequency  domain. 

As  an  example,  consider  the  viscoelastic  material  DYAD-606  from  Soundcoat. 
Experimental  data  previously  gathered  for  use  on  the  PACOSS  program  was 
available  for  this  material  at  68°F  in  the  frequent  /  range  from  1  to  46  Hz.  This  raw 
experimental  data  was  fit  using  the  5-parameter  model  and  a  nonlinear  error-norm 
minimization  process.  Using  this  technique,  the  five  parameters  of  the  model  which 
best  fit  the  data  were: 
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0  7049 

G0  =  246.45  psi,  G ^  =  534.22  psi,  b  =  0.1043  (sec)  ,  a  =  0.7049,(5  =  0.4885 


Graphs  of  the  experimental  data  and  the  resulting  fractional  derivative 
representation  of  the  frequency-dependent  shear  modulus  and  material  loss  factor  are 
given  in  Figures  1  and  2.  Notice  that  the  agreement  between  the  experimental  date 
and  the  fractional  derivative  model  are  exceptional  for  this  material.  However,  the  two 
fractional  powers  (a  and  p)  differ  for  this  fit  of  the  material  properties.  The  cause  of  this 
anomaly  is  unknown,  and  a  higher-order  fractional  derivative  model  may  be  requirec. 
The  above  parameters  were  used  in  the  subsequent  example  problem  which  included 
this  viscoelastic. 

A  similar  fit  was  performed  for  the  viscoelastic  material  3M-966,  and  68°l: 
experimental  data  was  also  available  for  this  material  from  previous  PACOSS  work 
The  optimum  model  parameters  for  this  material  were: 


G0  =  7.9856  psi,  G,  =  7.6992  psi,  b  =  5.29  x  1 O^fsec)0' 6053  a  =  0.6053,(5  =  0.6053 


The  agreement  between  the  experimental  data  and  the  fractional  derivative 
modei  were  equivalent  to  those  found  for  DYAD-606.  In  this  case,  however,  evei 
though  no  constraints  were  imposed  on  the  model  parameters,  the  optimum  values  of 
the  fractional  derivative  orders  were  the  same.  This  is  consistent  with  the 
thermodynamic  requirements  of  the  5-parameter  model.  For  both  of  these  materials, 
an  outstanding  representation  of  the  frequency-dependent  material  properties  was 
achieved  using  the  5-parameter  model.  This  agreement  demonstrates  ths 
applicability  of  the  fractional  derivative  model  to  many  viscoelastic  materials. 

3.0  The  Modal  Strain  Energy  Method  In  the  Approximate  Solution 
of  the  Open-Loop  System 

The  MSE  method  is  a  well  known  method  of  approximating  the  eigenvalues 
and  eigenvectors  of  a  dynamic  system  which  includes  viscoelastic  material  damping 
treatments.  This  method  assumes  that  the  real  modes  associated  with  the  real  part  of 
the  system  stiffness  matrix  evaluated  in  the  neighborhood  of  the  eigenvalue  are  a 
sufficiently  accurate  approximation  to  the  complex  system  eigenvectors.  The 
importance  of  the  MSE  method  as  a  design  tool  cannot  be  overemphasized,  and  the 
method  allows  the  economical  design  of  damping  treatments  for  complex  structures. 
This  method  approximates  the  solution  to  the  frequency-dependent  complex 
eigenvalue  problem,  and  provides  insight  to  facilitate  effective  structural  modifications. 

In  general,  the  frequency-dependent  complex  stiffness  matrix  (complex 
impedance  matrix)  of  a  system  which  includes  fractional  derivative  materials  can  be 
written  as  a  sum  of  contributions  from  elast'c  elements  and  from  each  type  rf 
viscoelastic  material.  If  the  Poisson’s  ratio  of  the  material  is  frequency  independen:, 
the  total  stiffness  matrix  can  be  written: 
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Real  Part  of  the  Shear  Modulus  (psi) 


(3) 


nvm 


K(S)  =  K.,+  XG|(S)-KV| 
U1 


whore: 

K  (s)  =  the  complex  impedance  matrix  as 
a  function  of  the  Laplace  variable 
K«i  =  the  frequency  independent  stiffness 
matrix  associated  with  all  elastic 
elements 

G*i  (s)  *  the  frequency-dependent  complex  shear 
modulus  of  the  i™  viscoelastic  material 
KV|  =  the  stiffness  matrix  associated  with 
all  elements  made  of  the  ith 
viscoelastic  material,  assembled  with 
a  unit  shear  modulus 

nvm  =  the  number  of  viscoelastic  material 
types  in  the  system 


The  MSE  metnod  then  assumes  that  if  the  modes  of  the  system  are  found  using 
the  real  part  of  the  complex  stiffness  matrix  which  is  assembled  using  viscoelastic 
material  properties  on  the  imaginary  axis  (at  s  =  ico),  that  these  vectors  are  sufficiently 
"close"  to  the  actual  system  eigenvectors,  and  that  these  approximate  vectors  are 
uncoupled  through  both  the  real  and  imaginary  parts  of  the  stiffness  matrix. 

Therefore,  the  typical  sequence  of  steps  in  an  MSE  analysis  are: 

1 )  Form  the  real  part  of  K(s)  using  an  appropriate  approximate  value  of  the 
eigenvalue  taken  along  the  imaginary  axis. 

2)  Using  the  real  part  of  K(s)  and  the  system  mass  matrix,  calculate  the  real 
eigenvalues  and  eigenvectors. 

3)  Store  those  eigenvectors  which  are  in  the  neighborhood  of  the  approximate 
frequency  value  assumed  in  step  1. 

4)  Repeat  steps  1  through  3  until  all  approximate  eigenvectors  in  the  frequency 
range  of  interest  have  been  found. 

5)  Determine  the  approximate  modal  damping  ratios  using  the  MSE 
distribution. 

6)  Construct  the  state-space  form  of  the  MSE  model  of  the  plant. 

This  procedures  provides  a  set  of  q  approximate  mode  shapes,  frequencies, 
and  damping  ratios  found  using  the  MSE  analysis  procedure.  The  damping  ratios  of 
the  system  are  usually  computed  using  the  formula: 


WISE,,-!,, 

1.1 


(4) 
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where: 


Q  =  the  approximate  modal  damping  ratio 
of  the  jth  mode 

SEfj  =  the  percentage  of  modal  strain  energy 
in  the  ith  element  in  the  jth  mode 

rji  =  the  loss  factor  of  the  ith  element  in  the 
neighborhood  of  the  jth  modal  frequency 
ne  =  the  number  of  system  finite  elements 


This  MSE  procedure  is  equivalent  to  the  following  matrix  operations: 

1)  Using  an  approximate  eigenvalue  on  the  imaginary  axis,  construct  the 
stiffness  matrix  K(s)  using  equation  (3)  and  the  system  mass  matrix. 

2)  Decompose  the  stiffness  matrix  into  its  real  and  imaginary  parts,  K| 
and  Kr. 

3)  Solve  the  real  eigenvalue  problem  (Kr  -  to2  •  M)  0  =  0  for  the  q  lowest 
eigenvalues  and  eigenvectors. 

4)  Mass  normalize  the  eigenvectors  from  step  3. 

5)  Using  the  modes  which  are  near  the  approximate  frequency,  construct 
the  matrix  products: 

<DT  .  M  •  O  =  I 

<X>T  •  Kr  •  O  =  (O2 

OT  .  K,  •  O  =  Km,  (5) 

6)  Form  the  second-order  modal  equations: 

2  T 

P+,*Kml  ’P  +  co  *P  *  ®  *f  (6) 

7)  Assume  that  the  generalized  velocities  are  equal  to  ico  times  the 
generalized  displacements,  and  neglect  the  off-diagonal  terms  in  Kmi: 

.2  T 

p  +  DV|*p  +  ci)  »p  =  O  •  f  ^ 

where: 

DVi(J,j)=Kml(J>j)/co(j,j) 

8)  Under  the  above  assumptions,  the  terms  in  the  diagonal  matrix  DV|  are 

9)  Construct  the  state-space  form  of  the  plant  using  an  assemblage  of  the 
appropriate  modes,  natural  frequencies,  and  damping  ratios: 
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x  -  A  •  x  +  B  *  u 
y  =  C  •  x 


or: 


This  state-space  form  of  the  open-loop  system  can  be  used  to  design  a  control 
system  to  provide  desired  closed-loop  performance  characteristics  of  the  MSE  plant. 
However,  as  numerous  assumptions  are  used  in  the  computation  of  the  open-loop 
plant,  the  quality  of  the  state-space  model  cannot  be  assessed.  It  will  be  demonstrated 
through  an  example  problem  that  the  effects  of  these  assumptions  can  result  in 
significant  errors  in  the  behavior  of  the  closed-loop  system,  if  the  MSE  plant  is  used  in 
control  design  and  performance  evaluation. 

4.0  The  Eigenstructure  of  the  Fractional  Derivative  Eigenvalue  Problem 

It  is  necessary  to  develop  the  definition  of  the  eigenvalues  and  eigenvectors  of 
systems  which  include  viscoelastics  modeled  using  fractional  derivatives,  to  allow  a 
comparison  with  the  approximate  values  derived  from  the  MSE  method  and  their 
improvement.  The  transformed  equations  of  motion  for  the  system  can,  in  general,  be 
written  in  the  Laplace  domain  as: 

[M'*2+K(S)]'X(S)  =  F(s)  (9) 

where: 

M  =  the  system  mass  matrix 
K(s)  =  the  complex  frequency-dependent  impedance 
matrix  of  equation  (3) 

X(s)  =  the  Laplace  transform  of  the  system  displacements 
F(s)  =  the  Laplace  transform  of  the  applied  forces 

The  system  dynamical  matrix  can  now  be  defined  as  a  function  of  the  Laplace 
variable.  This  matrix  is: 

Z(S)  =  M  •  s2+  K(s)  (10) 

For  non-trivial  solutions  of  the  homogeneous  differential  equations,  the 
dynamical  matrix  must  become  singular.  Therefore,  similar  to  the  definition  for 
classical  undamped  or  viscously  damped  systems,  the  definition  of  an  eigenvalue  x  of 
the  system  with  fractional  derivative  materials  is: 
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(11) 


M  s2  +  K{s)|8  _x  =  0 

The  eigenvalues  can  be  determined  by  expanding  the  determinant  of  the 
dynamical  matrix  and  finding  zeros  of  the  characteristic  polynomial.  However,  the 
matrix  K(s)  involves  the  Laplace  variable  raised  to  fractional  powers.  Therefore,  the 
roots  of  this  complex  fractional-order  characteristic  equation  are  generally  difficult  to 
obtain.  A  surprising  result  of  this  development  is  that  there  are,  in  general,  infinitely 
many  roots  to  this  equation  for  a  finite  number  of  degrees  of  freedom,  if  the  fractional 
powers  cannot  be  expressed  as  a  rational  fraction.  If  the  fractional  powers  can  be 
expressed  as  a  rational  fraction  r/m,  then  there  are  N(2m+r)  eigenvalues  where  N  is 
the  number  of  system  degrees  of  freedom.  The  additional  eigenvalues  are  located  on 
branches  of  the  multi-valued  fractional  power  function  and  contribute  to  response  of 
the  system  by  an  integral  term  along  a  branch  cut  [3]. 

All  the  eigenvalues  of  the  system  can  be  found  by  expanding  the  equations  of 
motion  to  clear  the  fractional  powers  [3,4,5],  if  the  powers  are  expressible  as  rational 
fractions  and  all  viscoelastic  materials  in  the  system  have  the  same  denominator  m.  A 
state-space  model  of  the  expanded  system  equations  of  motion  may  then  be 
constructed  in  either  physical  or  generalized  coordinates  [6]. 

The  associated  eigenvector  for  any  known  eigenvalue  can  be  found  by  solving 
the  homogeneous  form  of  equation  (9)  for  the  mode  shapes.  To  find  a  selected 
eigenvalue  and  eigenvector,  a  procedure  which  will  be  termed  spectral  iteration  may 
be  used.  In  this  procedure,  an  approximate  value  for  an  eigenvalue  is  used  to 
construct  the  complex  impedance  matrix,  and  a  complex  eigenvalue  problem  is 
solved.  This  procedure  is  given  in  equation  (12). 


Solve  equation  (7)  for  O  and  Xntw  using  an  assumed  value  of  X: 


M-Cw+KW 


0  =  0 


(12) 


A  simple  method  of  obtaining  a  selected  eigenpair  is  to  iterate  using  equation 
(12).  Using  an  approximate  eigenvalue  x,  the  matrix  function  K(x)  is  evaluated,  and 
the  eigenvalues  using  this  complex  matrix  are  found.  If  X  is  a  good  approximate  value, 
then  one  of  the  eigenvalues  found  will  be  "close"  to  the  initial  guess.  This  new  guess 
is  then  used  to  recalculate  the  complex  stiffness  matrix.  By  performing  this  process 
iteratively,  the  procedure  will  converge  to  an  exact  eigenvalue  and  eigenvector  of  the 
system. 


This  is  similar  to  the  inverse  power  method  developed  in  [7]  for  the  solution  of 
the  fractional  derivative  eigenproblem,  where  a  solution  procedure  based  m  the 
inverse  power  method  with  spectral  shifting  is  used  to  evaluate  the  eigenpairs  of  the 
system.  This  procedure  of  spectral  iteration  can  be  further  developed  and  improved  to 
provide  computationally  inexpensive  solutions.  It  will  be  shown  that  the  MSE  method 
is  a  form  of  the  spectral  iteration  procedure,  and  further  improvements  to  the  MSE 
solution  are  possible  at  minimal  computational  expense. 
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For  the  solution  of  large-scale  dynamic  systems  with  fractional  derivative 
materials,  the  major  objective  is  to  construct  a  reduced-order  state-space  model  of  the 
structure  from  its  finite  element  representation.  Typically,  only  a  small  subset  of  the 
system  eigenvalues  and  eigenvectors  will  be  required;  and  the  solution  of  the 
expanded  fractional  derivative  equations  of  motion  for  a  system  with  many  degrees  of 
freedom  would  be  computationally  infeasible  or  even  impossible  if  several  materials 
are  used.  Therefore,  for  a  typical  structural  application,  the  concern  is  to  locate 
eigenvalues  and  eigenvectors  of  the  system  within  a  selected  spectral  radius  from  the 
origin  of  the  Laplace  domain  (i.e.,  the  q  smallest  eigenvalues).  Expansion  of  the  ideas 
of  the  MSE  method  and  spectral  iteration  into  a  procedure  consistent  with  subspace 
iteration  allows  the  evaluation  of  the  desired  eigenpairs  in  an  efficient  manner. 

5.0  The  MSE  Method  and  Standard  Subspace  Iteration 

The  MSE  method  provides  an  approximation  to  the  q  lowest  eigenvalues  of  a 
damped  system.  In  the  solution  of  the  fractional  derivative  equations,  it  is 
advantageous  to  consider  the  mathematical  basis  of  the  MSE  method  and  means  to 
improve  the  accuracy  of  the  approximations.  Therefore,  consider  the  form  of  the 
stiffness  matrix  developed  in  equation  (3),  and  the  reduction  of  the  mass  and  stiffness 
matrices  in  equation  (5)  using  a  set  of  q  MSE  approximate  vectors  as  a  vector  basis 
(subspace): 


T  2  T 

<t>  *M*<l>*s  +  <D  *K(s)*<I> 
These  reduced  equations  can  be  written: 

,.R  2  R  «m  •  R 

M  «s  +  K«i+  X  ®i(s)  * 
ui 


where  the  reduced  matrices  are  of  size  q  x  q  and  are  formed  by  matrix  triple  products, 
and  the  forcing  vector  is  a  q  x  1  generalized  forcing  vector: 

mr  =  <dt*m  *<d 

T 

k.i  =  ®  •K.r® 

k"  -  ®T‘KVl.® 

X 

F(s)  =  0  *F(s)  (15) 

It  is  obvious  that  since  the  eigenvectors  computed  using  the  MSE  method  will 
generally  be  computed  using  several  real  stiffness  matrices,  the  reduced  mass  matrix 
will  not  be  an  identity  matrix,  and  the  real  part  of  the  reduced  stiffness  matrix  will  not  be 


•  P(»)  - 


_  R,  . 

F  (s) 


(14) 


.  P(s)  =  O  .  F(s) 


(15) 
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diagonal.  However,  these  matrix  equations  are  similar  in  form  to  those  in  equation 
(12)  and  can  be  solved  using  spectral  iteration  in  a  similar  manner, 

i.e.,  solve: 


M 


R 


2 

1 

''■new 


+  krm 


¥  =  0 


(16) 


for  the  solution  vectors  H*  and  the  eigenvalues  x  using  spectral  iteration. 

This  iteration  process  is  a  Ritz  analysis  with  the  MSE  method  approximate  MSE 
vectors  <&mse  as  the  solution  space  [8].  The  approximate  eigenvalues  of  the  full  system 
are  the  eigenvalues  x  of  the  reduced  system,  and  the  approximate  eigenvectors  are 
the  complex  vectors: 


^c  =  ‘^mse-'P  (17) 

If  the  range  of  the  approximate  MSE  vectors  spans  the  solution  space  of  the 
exact  eigenvectors,  the  eigenpairs  generated  in  this  manner  are  exact  solutions  for  the 
system.  Notable  cases  where  this  will  occur  are  when  the  damping  in  the  modes  is 
negligible,  or  if  the  entire  system  is  composed  of  damped  elements  with  an  identical 
fractional  derivative  representation  (i.e.,  proportional  damping).  In  these  cases,  a  set 
of  real  vectors  can  be  found  which  provides  an  invariant  subspace  of  the  fractional 
derivative  eigenvalue  problem.  The  MSE  approximation  for  the  natural  frequency  and 
damping  will  be  in  error,  however,  even  for  a  system  of  all  damped  elements. 

In  this  manner,  the  MSE  method  can  be  shown  to  be  an  uncoupled  Ritz  analysis 
with  the  MSE  vectors  as  a  subspace.  In  fact,  it  is  a  Ritz  analysis  using  uncoupled 
vectors  (the  Rayleigh  Quotient)  which  was  first  used  to  derive  the  modal  strain  energy 
method  [9].  It  is  assumed  in  the  MSE  method  that  these  vectors  are  uncoupled  in 
equation  (16);  therefore,  the  assumed  reduced  basis  eigenvectors  form  an  identity 
matrix. 


The  improved  solution  of  the  eigenvalue  problem  with  a  single  spectral  iteration 
is  an  inexpensive  means  of  improving  the  quality  of  the  solution,  as  it  merely  requires 
the  generation  of  a  real  reduced  mass  matrix,  a  real  reduced  elastic  stiffness  matrix, 
and  as  many  real  reduced  viscoelastic  matrices  as  there  are  types  of  viscoelastic 
materials.  The  reduced  complex  impedance  matrix  is  then  formed  by  simply  adding 
the  reduced  elastic  stiffness  matrix  and  the  reduced  viscoelastic  matrices  multiplied  by 
their  respective  complex  shear  moduli.  Therefore,  to  generate  the  initial  reduced 
problem,  products  which  involve  only  real  matrices  and  real  vectors  must  be  formed. 
The  solution  of  the  q  x  q  reduced-order  problem  by  spectral  iteration  will  be 
inexpensive  due  to  the  small  order  of  the  system. 

In  general,  the  real  MSE  vectors  will  not  provide  an  invariant  subspace  of  the 
fractional  derivative  problem.  Therefore,  a  method  is  required  to  improve  the 
subspace  and  allow  a  more  accurate  representation  of  the  solution.  To  examine 
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methods  of  subspace  improvement,  consider  the  subspace  iteration  eigensolution 
method  for  real,  constant  stiffness  and  mass  matrices. 

Subspace  Iteration  Steps: 


1 )  Select  an  initial  subspace  of  vectors  <Dk  of  size  N  x  p  where  N  is  the 
system  order,  and  p  is  larger  than  the  number  of  desired  vectors,  q. 

2)  Decompose  the  stiffness  matrix  into  its  LDLT  factorization 

3)  Perform  a  simultaneous  power  iteration  on  the  approximate  vectors 
using  forward  elimination  and  back  substitution, 

i.e.,  solve  ford>k+i  using: 

K‘Ok+i  =  M‘<V>.k 

4)  Create  reduced  mass  and  stiffness  matrices: 


Mk+1  =  •  M  •  C> 


k+1 


k+1 


‘k+1  =  ^k+rK^k+i 


5)  Solve  the  reduced  eigenproblem  for  A**-,  and  'P|t+i- 


•**,1-0 


6)  Orthogonalize  the  current  subspace: 


^k+l  *  ^k+1 


(19) 


(20) 


(21) 


7)  Return  to  step  3  with  Ok«.i  as  new  subspace,  and  iterate  until  convergence. 

8)  Perform  a  Sturm  sequence  check  to  determine  if  all  desired  eigenvalues 
and  eigenvectors  have  been  found. 


This  procedure  may  be  used  for  the  fractional  derivative  eigenvalue  problem, 
with  spectral  iteration  performed  at  step  5  for  each  major  iteration.  The  greatest 
expense  of  this  procedure,  however,  would  be  the  computation  which  improves  the 
subspace  at  step  3.  For  the  fractional  derivative  eigenvalue  problem,  the  "stiffness" 
matrix  is  complex  and  a  function  of  the  eigenvalue;  and  it  is  infeasible  to  factor  the  full- 
system  size  complex  matrix  and  perform  several  complex  matrix/complex  vector 
products  at  each  iteration.  This  is  the  major  deficiency  of  the  inverse  power  method 
with  spectral  shifting  presented  in  [7],  as  a  complex  factorization  was  used  for  each 
power  iteration. 
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To  alleviate  these  difficulties,  a  method  of  accelerated  subspace  iteration  which 
does  not  include  the  inversion  of  a  matrix  was  developed  for  use  in  the  solution  of  the 
fractional  derivative  eigenvalue  problem.  This  procedure  allows  the  improvement  of 
the  subspace  with  a  minimum  computational  burden,  and  rapid  convergence  to  the  q 
smallest  system  eigenvalues. 

5.0  Accelerated  Subspace  iteration  for  the  Solution  of  the  Open-Loop 

Eigenvalue  Problem 

Subspace  iteration  was  first  developed  by  Bathe  in  the  early  1970s  [10]. 
Further  advances  in  the  technique  were  subsequently  developed  and  were 
designated  accelerated  subspace  iteration  [11].  in  this  procedure,  Lanczos  vectors 
are  used  to  generate  the  initial  subspace,  and  spectral  shifting  during  the  power 
iterations  is  performed  using  the  approximate  inversion  method  of  successive 
overrelaxation.  This  method  allows  fewer  than  q  vectors  to  be  used  as  the  p  size 
subspace,  while  in  the  standard  subspace  iteration  method  usually  the  minimum  of 
2*q  or  q  4-8  vectors  are  selected  as  a  subspace.  Using  several  of  the  ideas  of  the 
accelerated  subspace  iteration,  along  with  the  spectral  iteration  technique  and  several 
new  developments,  an  accelerated  subspace  iteration  procedure  for  the  fractional 
derivative  eigenvalue  problem  was  developed. 

The  basis  of  this  technique  is  a  preconditioned  conjugate  gradient  procedure 
developed  specifically  to  allow  the  iterative  solution  of  linear  equations  ”'ith  a 
symmetric  coefficient  matrix  which  is  complex, 

i.e.,  the  solution  technique  was  developed  to  solve  the  linear  equations: 

A  •  x  *  b  (22) 

where  the  matrix  A  is  an  N  x  N  symmetric  complex  matrix,  and  the  complex  vectors  x 
and  b  are  of  size  N.  The  derivation  and  the  numerical  algorithm  will  not  be  discussed 
here,  however,  the  use  of  the  technique  will  be  described.  The  technique  splits  a 
shifted  dynamical  matrix  into  two  components:  K<>  and  AK+(2c4i+n2)M,  where  n  is  an 
appropriate  spectral  shift  at  each  step  selected  to  allow  rapid  convergence  to  a 
particular  eigenvalue,  and  a  is  a  shift  used  in  the  generation  of  the  matrix  K0.  The 
updating  procedure  which  is  used  to  replace  step  3  in  the  standard  subspace  iteration 
is  then  the  formula: 


2 

K0 •  0j+1  =  -  (AK  +  2ap.jM  +  PjM)  •  Oj 

where  the  residual  error  after  j  iterations  is  defined  as: 

2 

=  Ko,<JVi  +  (AK  +  2a\i^lh  +  Pj+1M)  •  0J+1 


(23) 


(24) 


The  search  directions  are  generated  by  conjugate  gradients,  and  are  selected 
to  minimize  the  residual  while  being  orthogonal  through  the  dynamical  matrix  to  all 
previous  residuals  and  approximate  modal  vectors.  This  method  is,  therefore,  similar 
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to  the  preconditioned  method  of  conjugate  gradients  [12].;  however,  it  was  designed  to 
allow  complex  matrices.  The  search  vectors  can  be  interpreted  as  Lanczos  vectors 
selected  to  provide  the  greatest  reduction  in  the  norm  of  the  residual  vector  on  each 
step.  With  a  proper  selection  of  the  matrix  K0,  this  procedure  will  converge  in  few 
iterations  to  an  eigenvector  which  is  closest  to  the  shift  point  a+n.  An  excellent 
selection  of  the  preconditioner  is  the  shifted  real  stiffness  matrix  (shifted  by  a  value  of 
a)  computed  during  the  modal  strain  energy  procedure  (it  can  be  assumed  that  a 
shifted  real  stiffness  matrix  (Kmse  ♦  a  M)  was  factored  during  the  solution  of  the  MSE 
real  eigenvalue  problem): 


Ko  =  (Kj|3E+ OC  *  m)  (2*i) 

This  selection  results  in  low  rank  of  the  aK  matrix,  as  this  matrix  contains  only 
terms  from  viscoelastic  elements  and,  therefore,  has  many  zero  rows  and  columns. 
The  eigenvalues  of  the  matrix  Ko'1  •  aK  will  be  small,  as  the  MSE  stiffness  matrix  ts 
"close"  to  K(s).  These  properties  of  aK  and  Ko"1  •  aK  provide  rapid  convergence  of 
the  iterations  [12]. 

Convergence  of  this  conjugate  gradient  procedure  results  in  an  eigenvector/ 
eigenvalue  of  the  system.  Very  importantly,  the  iterations  need  not  be  performed  until 
convergence  in  the  accelerated  subspace  procedure,  as  the  objective  of  step  3  in  the 
standard  method  is  simply  to  improve  the  subspace.  The  linear  combination  of 
Lanczos  vectors  generated  as  search  vectors  provide  a  good  set  of  basis  vectors  with 
which  the  subspace  can  be  improved,  even  though  the  iterations  have  not  converged. 
Therefore,  in  the  accelerated  subspace  procedure,  the  iterations  implied  by  equation 
(23)  are  only  performed  once,  and  these  vectors  are  used  as  a  new  vector  basis.  After 
orthogonalization,  a  further  basis  improvement  is  performed. 

In  summary,  the  steps  which  comprise  the  accelerated  subspace  iteration 
procedure  for  systems  which  include  materials  modeled  with  fractional  derivatives  are: 

1 )  Select  the  MSE  solution  vectors  as  the  initial  subspace. 

2)  Create  the  reduced  mass,  elastic  stiffness,  and  viscoelastic  stiffness  matrices 
as  per  equation  (15).  Store  all  matrix/vector  products  such  as  K»i  • 

3)  Perform  spectral  iteration  within  the  subspace  to  compute  new  approximate 
eigenvalues  and  eigenvectors. 

4)  Update  matrix  products  using  reduced  basis  modal  transformation. 

5)  Improve  the  basis  vectors,  and  update  matrix/vector  products  using  the 
complex  conjugate  gradient  procedure. 

6)  Return  to  step  3  using  new  basis  vectors  and  updated  matrix/vector 
products. 

7)  Iterate  from  steps  3  to  6  until  convergence  of  the  subspace. 

Notice  that  the  only  matrix/vector  products  required  in  the  solution  procedure 
are  contained  in  the  conjugate  gradient  algorithm,  with  two  plus  the  number  of 
viscoelastic  materials  matrix/vector  multiplications  required  for  each  basis  vector  per 
conjugate  gradient  iteration.  Also,  the  total  solution  subspace  need  not  be  updated  on 
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every  aration;  and  only  the  vectors  which  correspond  to  the  eigenvalues  which  have 
not  yet  converged  need  be  updated  each  time. 

The  above  procedure  can  be  considered  a  hybrid  of  several  highly  successful 
eigenvalue  extraction  methods:  the  power  method  with  spectral  shifting;  Ritz  analysis; 
and  Lanczos  methods,  which  are  combined  with  spectral  iteration  to  allow  for  the 
frequency  dependence  of  the  stiffness  matrix.  Experience  on  example  problems 
shows  that  this  method  is  very  effective  for  solving  the  fractional  derivative  eigenvalue 
equations  for  the  invariant  subspace  corresponding  to  the  lowest  system  eigenvalues. 
A  complex  Sturm  sequence  check  can  be  used  to  verify  that  all  eigenvalues/vectors 
within  a  given  spectral  radius  from  the  origin  have  been  found  by  factoring  a  shifted 
impedance  matrix;  however,  it  may  be  assumed  that  the  initial  MSE  solution  provided 
approximations  to  all  eigenvalues  within  the  search  region. 

7.0  Generation  of  the  State-Space  Plant  Model 


After  a  selected  number  of  modes  of  the  open-loop  system  have  been 
generated  by  the  above  procedure,  an  appropriate  state-space  description  of  the  plant 
is  required  for  performance  evaluation  and  the  generation  of  vibration  control  systems, 
if  needed.  This  state-space  model  should  allow  the  use  of  available  modern  control 
algorithms  to  be  used  to  generate  a  compensator  which  will  provide  desired 
performance  of  the  closed-loop  system.  Therefore,  a  complex  modal  formulation  of  the 
plant  was  developed  to  obtain  this  state-space  description.  This  formulation  finds  a 
viscous  representation  of  the  plant  which  has  identical  eigenvectors  and  eigenvalues 
to  the  fractional  derivative  system.  This  is  an  approximation,  however,  it  provides  the 
most  accurate  viscous  representation  possible. 


The  generation  of  the  modal  state-space  equations  begins  with  the  equations  of 
motion  of  the  full-size  open-loop  system  in  the  Laplace  domain.  An  appropriate 
general  form  of  these  equations  is: 


M  0 

• 

X(s) • s 

o  -Kr(s) 

X(s) 

■Cr(s)  -Kr(s) 
-Kr(s)  0 


X(s)  •  s 
X(s) 


(26) 


where: 


Kr(s) 

Cr(s) 


real(K(s))-iTS'lma9<K(s)) 

>mag(K(s)) 

lmag(s) 


Notice  that  these  equations  provide  an  identical  impedance  matrix  for  the 
fractional  derivative  system  and  the  viscous  system.  By  solving  the  equation?  in  the 
Laplace  domain  for  a  system  eigenpair,  a  modal  substitution  which  uncou^  .es  the 
equations  with  K(s)  evaluated  at  an  eigenvalue  can  be  constructed.  An  appropriate 
modal  substitution  is: 


X(s)  •  s 

o-x 

X(s) 

cp 

P(s) 


Pi  ’A- 1 


(27) 


or 


X  =  V  P 


where: 

$  =  A  system  eigenvector  found  using  spectral 
iteration 

X  m  A  system  eigenvalue 
P(  8)  =  the  Laplace  transform  of  the  generalized 
coordinate 

With  the  substitution  of  the  transformation  as  given  in  equation  (27),  the  single 
coordinate  which  corresponds  to  an  eigenvector  of  the  fractional  derivative  system 
coordinate  can  be  uncoupled  from  all  other  coordinates.  This  is  achieved  by  noting 
that  the  matrix  on  the  left-hand  side  is  symmetric;  and  that  if  all  the  eigenvalues  of  the 
complex  system  were  found  using  this  constant  value  of  K(s),  the  full-size  matrix  v 
would  be  orthogonal  to  this  matrix.  Therefore,  with  the  correct  normalization,  the  left- 
hand  side  can  be  transformed  to  an  identity  matrix.  This  yields  an  uncoupled  equation 
for  a  single  generalized  coordinate  and  also  for  its  complex  conjugate.  The  correct 
normalization  for  the  individual  eigenvectors  is  such  that: 

T  2  T 

<I>  •  M  •  C>  •  X  -  <I>  •  K(X)  *0*1  (28 ) 

where  <1>  is  a  single  eigenvector,  anc  . .  is  its  associated  eigenvalue. 

Notice  that  the  complex  conjugate  modes  and  natural  frequencies  and  their 
normalization  are  found  using  this  method.  This  is  consistent  with  the  fractional 
derivative  material  representation,  as  the  fractional  derivative  description  provides  a 
complex  conjugate  shear  modulus  at  a  complex  conjugate  value  of  the  Laplace 
variable: 

K(s)  and  K(s)  are  related  by: 

k(s)  =  K(s)  (29) 

where  -  denotes  complex  conjugation. 

Therefore,  the  complex  conjugate  eigenvalue  and  eigenvector  of  any  solutions  found 
in  the  accelerated  subspace  procedure  are  also  eigenvectors/eigenvalues  of  the 
fractional  derivative  system.  This  is  required  to  provide  teal,  stable  solutions  in  the 
time  domain.  An  additional  requirement  on  the  complex  impedance  matrix  K(s)  is  that 
it  must  smoothly  become  a  real  matrix  at  the  origin  of  the  Laplace  domain.  This 
ensures  causality  of  time  domain  solutions,  and  it  is  obvious  from  the  5-parameter 
model  that  this  requirement  is  met. 

Finally,  a  normalized  modal  matrix  can  then  be  assembled  which  provides  the 
transformation  of  the  equations  into  truncated  modal  form  in  the  Laplace  domain: 
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(30) 


3>*X  <&'X 

<D  o 


where  O  is  an  N  x  q  matrix  of  normalized  eigenvectors,  and  X  is  a  q  x  q  matrix  of 
eigenvalues.  Using  this  modal  transformation  and  taking  the  inverse  Laplace 
transform  of  these  equations  yields  the  final  form  of  the  state-space  equations  in  the 
time  domain: 
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These  equations  are  in  standard  first-order  sta+e-space  form  and,  therefore,  can 
be  used  in  conjunction  with  modern  control  algorithms  to  design  a  control  system  or 
predict  system  performance. 

6.0  Application  of  the  Solution  Procedure  to  the  PACOSS 

Multi-Actuator  Control  Experiment 

To  show  the  applicability  of  the  procedure  to  the  solution  of  realistic  dynamics 
and  control  problems  which  incorporate  viscoelastic  damping  treatments,  an  example 
system  was  selected.  This  system  was  the  PACOSS  Multi-Actuator  Control 
Experiment  (MACE)  shown  in  Figure  3.  This  structure  was  previously  constructed 
under  the  PACOSS  Program  to  verify  the  performance  of  the  control  system  hardware 
using  modern  control  algorithms  in  a  multi-actuator  digital  control  application. 

The  original  MACE  hardware  consisted  of  three  proof  mass  actuators  mounted 
to  a  series  of  flat  aluminum  beams.  The  system  was  hung  from  steel  cables  at  three 
points  with  60.9-lb/in.  springs  located  at  the  top  of  the  suspension.  Constrained  layer 
damping  treatments  using  DYAD-606  damping  material  with  steel  constraining  layers 
were  applied  to  six  locations  on  the  beam  members.  These  damping  treatments 
provided  from  0.5%  to  2%  critical  damping  in  the  modes  of  the  system  below  15  Hz. 

While  the  original  design  of  the  MACE  was  satisfactory  for  the  purposes  of 
validating  the  successful  operation  of  the  PACOSS  control  system  hardware,  the 
relatively  low  damping  levels  are  not  characteristic  of  those  which  can  be  achieved  in 
damped  systems  Therefore,  several  modifications  to  the  original  design  of  the  MACE 
structure  were  made  for  this  example  problem.  First,  the  thickness  of  the  DYAD 
damping  material  was  increased  from  0.050  in.  to  0.120  in.  to  increase  the  damping 
performance  of  the  constrained  layer  treatments.  Second,  viscoelastic  dampers  were 
designed  which  were  placed  in  parallel  with  the  suspension  springs  These  dampers 
use  3M-966  material  in  a  configuration  such  that  the  spring  constants  in  units  of  Ib/in. 


were  0.25  multiplied  by  the  material  shear  modulus  in  psi.  Finally,  four  ideal  actuators 
with  ideal  inertial  velocity  sensors  were  used  instead  of  the  three  proof  mass  actuators 
used  on  the  actual  hardware.  Four  actuators  were  used  to  remove  the  actuator  from 
the  symmetric  axis  of  the  structure  and  to  increase  the  control  authority  for  anti¬ 
symmetric  modes  (Figure  4). 

A  finite  element  model  of  the  damped  structure  was  created  using 
MSC/NASTRAN  (Figure  5),  which  included  the  typical  plate  and  solid  element 
modeling  of  the  constrained  layer  damping  treatments  as  well  as  the  pendulum 
behavior  due  to  the  suspension.  The  full-system  mass  matrix,  the  eiastic/differential 
stiffness  matrix  excluding  the  damping  materials,  the  stiffness  matrix  associated  with 
the  DYAD-606  material,  and  the  stiffness  matrix  associated  with  the  3M-966  shear 
dampers  were  then  assembled.  Compatible  stiffness  matrices  were  easily  formed  by 
altering  the  material  properties  of  the  various  components  to  be  a  small  number.  For 
example,  to  form  the  DYAD-606  stiffness  matrix,  the  moduli  of  the  main  members  and 
constraining  layers,  the  suspension  spring  constants,  and  the  3M-966  moduli  were  set 
to  extremely  low  values;  and  the  modulus  of  the  DYAD  was  set  to  unity.  The  full¬ 
stiffness  matrix  for  any  value  of  the  Laplace  variable  could  then  be  easily  constructed 
by  addition  of  the  constitutive  matrices,  as  per  equation  (3). 

A  performance  metric  was  selected  for  the  svstem,  which  was  the  vertical 
motion  of  a  single  point  on  the  structure  for  noise  inputs  at  the  actuator  locations.  The 
objective  to  be  achieved  was  a  factor  of  100  decrease  in  root  mean  square  (RMS) 
motion  of  the  performance  point  for  white  noise  inputs  from  0  to  30  Hz,  as  compared  to 
a  system  without  added  damping  treatments  or  active  controls. 

A  modal  strain  energy  analysis  was  performed  on  the  system  to  approximate 
the  open-loop  modes,  natural  frequencies,  and  damping  ratios  in  the  frequency  range 
from  0  to  30  Hz.  The  real  stiffness  matrix  was  assembled  at  six  selected  frequencies 
which  were  known  to  be  "close"  to  system  eigenvalues.  The  standard  MSE  method 
was  used,  with  the  modes  nearest  the  corresponding  frequency  used  to  construct  a 
state-space  model  of  the  plant  as  detailed  in  Section  6.0.  Table  1  provides  the  open- 
loop  frequencies  and  damping  of  the  system  computed  using  the  MSE  method. 

Figure  6  provides  the  frequency  response  of  the  performance  point  motion  for 
inputs  at  actuator  #2,  for  both  the  MSE  system  and  also  for  the  system  with  0.2% 
critical  damping  in  the  modes.  Notice  that  the  system  has  high  modal  density  in  the 
0  to  30-Hz  frequency  range.  The  addition  of  passive  damping  treatments  to  the  system 
lowers  the  RMS  response  by  approximately  a  factor  5,  so  that  active  control  is  required 
to  further  reduce  the  system  RMS  response  by  a  factor  of  20. 

Two  active  control  algorithms  were  considered  for  the  MACE  example  problem: 
local  velocity  feedback,  and  Linear  Quadratic  Gaussian  with  Loop  Transfer  Recovery 
(LQG/LTR).  For  local  velocity  feedback,  a  feedback  gain  of  0.25  Ib-sec/in.  was  Lsed  for 
the  inertial  velocity  at  each  of  the  actuators.  The  closed-loop  response  of  the  system 
was  generated  using  the  MSE  state-space  model,  and  compared  with  the  open-loop 
system  and  the  exact  frequency  response  of  the  closed-loop  fractional  derivative 
model  (Figure  7).  Notice  from  the  Figure  that  the  agreement  between  the  exact 
solution  and  the  MSE  solution  is  relatively  good,  differing  only  in  some  frequency 
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Figure  4  •  Schematic  of  MACE  Example  Problem 


Figure  5  -  NASTRAN  Model  of  the  MACE  Example  Problem 
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Table  1  •  Natural  Frequencies  and  Damping  Ratios  of  the  MACE 

Computed  Using  MSE 


Mode  # 


Frequency 

(Hz) 


Damping 
Ratio  (%) 


Mode  # 
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(Hz) 


Damping 
Ratio  (%) 
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Performance  Point  Response  for  Damped  and  Undamped  System 


Figure  6  -  Performance  Point  Frequency  Response  for  Undamped  System 

and  MSE  Damped  Solution 
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Figure  7  *  Local  Velocity  Feedback  Ctoeed-Loop  Retponee 
Exact  and  MSE  Solutions 

ranges.  The  reduction  in  RMS  response  in  this  case  is  a  factor  of  3,  when  compared  to 
the  passively  damped  system.  This  agreement  is  consistent  with  PACOSS  experience 
on  the  Dynamic  Test  Article  [13],  which  used  the  MSE  method  to  accurately  predict  the 
closed-loop  response  of  a  damped  system  with  a  local  velocity  feedback  controller. 

The  exact  frequency  response  of  the  closed-loop  system  was  generated,  using 
direct  inversion  of  the  closed-loop  impedance  matrix  at  each  frequency  point.  This  can 
be  accomplished  for  an  arbitrary  controller  by  converting  the  compensator  into  an 
equivalent  N  x  N  frequency-dependent  impedance  matrix  and  adding  it  to  the  open- 
loop  impedance  matrix, 


i.e.,  determine  the  N  x  N  frequency-dependent  matrix  G(s)  which 
describes  the  Laplace  transform  of  the  control  forces  in  terms  of 
the  motion  of  the  structure.  Then  the  Laplace  transform  of  the 
closed-loop  structural  motion  is: 


Xcl(#)  =  H  cl(s)  •  F(s) 
Hcl(3)  =  [m  •  s2+  K(s)  -  G(s)] 


(32) 


Using  this  relationship,  the  closed-loop  frequency  response  between  applied  noise  at 
the  actuators  to  the  performance  point  motion  can  be  computed  at  s=la)  by  direct 
matrix  inversion. 
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A  compensator  was  also  designed  to  control  the  MSE  state-space  model  using 
the  LQG/LTR  algorithm.  In  this  algorithm,  a  linear  quadratic  regulator  is  designed 
which  provides  the  desired  performance  characteristics  using  full-state  feedback.  A 
linear  quadratic  estimator  is  then  designed  which  approaches  the  full-state  feedback 
performance  by  increasing  a  loop-transfer  recovery  parameter  in  the  estimator  design 
process.  The  regulator  was  designed  so  that  the  desired  factor  of  20  reduction  in  RMS 
response  over  the  damped  open-loop  plant  was  obtained,  and  the  loop-transfer 
recovery  parameter  was  selected  to  the  minimum  value  which  provided  acceptable 
performance  of  the  estimator. 

The  exact  closed-loop  frequency  response  of  the  system  was  then  generated 
using  the  LQG/LTR  compensator  designed  for  the  MSE  plant.  A  comparison  of  the 
open-loop  response,  the  MSE  prediction,  and  the  exact  closed-loop  frequency 
response  are  given  in  Figure  8.  Notice  that  there  are  large  variations  between  the 
frequency  responses  predicted  using  the  MSE  plant  and  those  found  using  direct 
inversion  of  the  closed-loop  impedance  matrix.  Although  the  closed-loop  system  does 
perform  better  than  the  open-loop  system,  in  the  20-Hz  region  the  closed-loop 
performance  is  actually  amplified  over  the  open-loop  response.  Furthermore,  the 
reduction  in  RMS  response  is  only  a  factor  of  1 1 ,  whereas  the  MSE  plant  predicts  a 
reduction  of  a  factor  of  nearly  21 .  This  large  discrepancy  shows  that  for  sophisticated 
active  control  algorithms,  the  MSE  state-space  mode!  does  not  adequately  describe 
the  dynamic  characteristics  of  the  relatively  simple  MACE  plant.  A  more  accurate 
description  of  the  open-loop  system  is  required  for  a  control  design  model. 

A  state-space  model  of  the  open-loop  system  was  then  generated  using  the 
accelerated  subspace  iteration  procedure  as  described  in  the  previous  sections.  This 
model  was  then  used  to  design  an  LQG/LTR  compensator  to  reduce  the  RMS 
response  by  a  factor  of  20,  similar  to  the  MSE  design.  The  closed-loop  frequency 
response  predicted  using  this  state-space  model  was  then  compared  with  the  exact 
closed-loop  solution  Figure  9  shows  a  comparison  of  the  damped  open-loop  system 
frequency  response,  the  exact  open-loop  frequency  response,  and  the  modal  closed- 
loop  response  generated  using  the  exact  method  and  the  reduced-order  state-space 
model.  Notice  that  there  is  good  agreement  between  the  open-loop  performance 
predicted  using  the  40-state  modal  plant  model  and  the  exact  response  found  by  direct 
inversion. 

Most  important  for  the  closed-loop  system,  the  reduction  in  RMS  response  using 
the  exact  method  is  a  factor  of  21,  which  is  the  predicted  reduction.  The  closed-loop 
performance  predicted  with  the  state-space  model  agrees  well  with  the  exact  solution, 
although  there  are  some  differences  in  the  frequency  response.  While  the  open-loop 
plant  model  accurately  predicts  the  closed-loop  response  in  this  case,  it  may  not  in 
general.  This  is  due  to  the  assumption  that  the  plant  has  viscous  damping,  which 
provides  a  plant  which  is  locally  accurate  but  may  not  be  accurate  if  the  poles  are 
significantly  altered  by  the  controller.  This  is  to  be  expected,  as  in  the  formatior,  of  the 
open-loop  plant,  the  poles  which  describe  the  variation  of  the  viscoelastic  properties 
with  frequency  have  been  truncated.  The  introduction  of  the  controller  alters  the 
eigenvalues  of  the  plant  and,  therefore,  a  closed-loop  eigenvalue  problem  must  be 
solved  with  spectral  iteration  to  achieve  the  best  agreement  with  a  modal  model. 
However,  the  closed-loop  performance  shows  that  the  described  procedure  provides 
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Magnitude  (in/lb)  Magnitude  (in/lb) 


Figure  8  -  LOG/LTR  Cloeed-Loop  Frequency  Response 
Exact  and  USE  Solutions 


Complex  Modal  and  Direct  Complex  Companion  •  LQG/LTR  and  Open  Loop 


Figure  9  -  LOG/LTR  Closed-Loop  Frequency  Response 
Exact  and  Truncated  Modal  Solutions 
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an  accurate  reduced-order  plant  model  which  allows  the  design  of  a  controller  which 
provides  the  desired  closed-loop  performance. 

The  variation  between  the  MSE  and  complex  modal  open-loop  plant  models 
can  also  be  seen  in  the  comparison  of  the  open-loop  frequency  responses.  The 
greatest  variation  between  the  models  is  typically  in  the  phase  of  the  frequency 
response.  As  an  example,  consider  the  comparison  of  the  phase  of  the  frequency 
response  of  the  MSE  model,  the  complex  modal  model,  and  the  exact  solution  given  in 
Figure  10.  Notice  that  there  is  nearly  e:;act  agreement  between  the  complex  modal 
model  and  the  exact  solution,  but  there  is  a  large  discrepancy  between  the  phase  of 
the  MSE  frequency  response  and  the  exact  frequency  response  in  several  frequency 
ranges.  At  a  frequency  of  25  Hz,  the  phase  of  the  MSE  frequency  response  is  actually 
1 80°  out  of  phase  with  the  exact  solution.  This  phase  difference  can  cause  significant 
performance  degradation  or  even  instabilities  of  the  closed-loop  system. 

For  the  accelerated  subspace  procedure  to  be  used  for  the  analysis  of  actual 
systems,  the  cost  of  the  procedure  must  not  be  excessive.  Therefore,  a  comparison  of 
the  computer  requirements  for  the  MSE  solution  and  for  the  improvement  of  the  MSE 
solution  using  accelerated  subspace  iteration  was  made.  Table  2  provides  a 
comparison  of  the  solution  times  for  the  two  methods. 

These  computations  were  performed  on  a  SUN  3/50  workstation,  with  the  plant 
model  having  279  degrees  of  freedom.  The  computer  times  represent  elapsed  time  in 
seconds.  To  facilitate  these  computations,  the  full-size  system  matrices  were  reduced 
from  nearly  1100  degrees  of  freedom  by  a  Guyan  reduction  using  viscoelastic 
properties  in  the  middle  of  the  desired  bandwidth.  This  reduced  model  was  then 
considered  the  exact  model  description.  The  MSE  solution  was  generated  using 
standard  subspace  iteration,  and  the  MSE  method  to  find  the  modes,  natural 
frequencies,  and  damping  ratios  of  the  real  system.  Six  frequency  values  were  used 
to  compute  the  MSE  modes  with  the  appropriate  viscoelastic  shear  moduli.  The 
complex  subspace  iteration  procedure  was  applied  using  the  inverse  of  the  shifted 
MSE  stiffness  matrix  with  properties  in  the  middle  of  the  frequency  band. 

Notice  that  the  aucsieidteu  cubs^ace  p.oc&bure  is  not  excessive  in  terms  of 
computer  time,  requiring  only  125%  of  the  MSE  solution  time,  no  matrix  inversions, 
and  973  real  matrix/complex  vector  multiplications.  Therefore,  the  improvement  of  the 
MSE  solution  using  the  procedure  defined  in  this  paper  can  be  used  economically  on 
large-scale  structural  systems,  and  will  provide  an  accurate  model  for  damped 
systems  with  minimal  additional  computational  expense. 

7.0  Conclusions 

The  above  development  and  example  problem  allows  several  conclusions  to 
be  made  in  connection  with  the  modeling  of  damped  structural  systems  anc  active 
controls.  The  most  important  of  these  are: 

1 )  The  MSE  method  provides  a  tool  which  is  very  effective  for  use  in  tne  design 
of  damped  structures;  however,  it  may  not  have  sufficient  accuracy  for  use  in 
the  final  design  of  modern  control  systems  for  damped  structures. 
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Figure  10  -  Open-Loop  Phaa §  of  MSE  and  Truncatad  Modal 
Solution  Compared  to  Exact  Solution 


Table  2  -  Solution  Tlmaa  for  MSE  Analyaaa  and  Accelerated 
Subapace  Iteration  with  MSE  Starting  Vectore 


Analysis 

Type 

Number  of 
Analyses 

Number  of 
Matrix 
Decomps 

Number  of 
Matrix/ 
Vector 
Products 

Total 
Elapsed 
Solution 
Time  (sec) 

MSE  Using 
Subspace 
Iteration 

7 

7 

1108 

2815 

Acclerated 

Complex 

Subspace 

Iteration 

1 

0 

973 

3530 

2)  The  MSE  method  can  be  shown  to  be  a  low-cost  approximation  to  a 
subspace/spectral  iteration.  Therefore,  the  developed  procedure  can  be 
used  in  concert  with  the  MSE  method  to  improve  the  solution  accuracy  as  a 
design  cycle  progresses. 

3)  The  developed  design  and  analysis  procedure  can  be  used  efficiently  in  the 
solution  of  large-scale  dynamics  problems  with  viscoelastic  damping  treat¬ 
ments  and  active  controls. 

4)  Although  not  shown  here,  the  technique  of  subspace/spectral  iteration  can 
be  used  for  the  solution  of  problems  with  viscous  damping  or  combined 
viscous/viscoelastic  damping,  and  for  closed-loop  damped  systems.  The 
method  is  as  at  least  efficient  as  the  techniques  for  solving  complex  eigen¬ 
value  problems  currently  available  in  many  finite  element  codes.  In  fact,  the 
conjugate  grac  ant  inverse  power  iterations  are  very  similar  to  those 
performed  in  MSC/NASTRAN  [14],  but  convergence  is  accelerated  using  the 
subspace  procedure  and  conjugate  gradients. 

5)  The  solution  procedure  obviates  the  necessity  for  the  description  of  visco¬ 
elastic  materials  or  members  using  networks  of  springs  and  dashpots 
(Maxwell  elements),  as  the  solution  using  these  descriptions  will  inevitably 
be  more  expensive  and  less  accurate  than  using  the  fractional  derivative 
representation.  These  methods  typically  add  a  number  of  degrees  of 
freedom  to  the  system  matrices  and  increase  solution  costs;  and  the  method 
of  solution  of  these  eigenvalue  problems  in  most  finite  element  codes  can  be 
shown  to  be  similar  to  the  eigenvalue  procedure  developed  here  for  systems 
with  fractional  derivative  material  representations.  Damping  element 
properties  can  be  written  as  a  function  of  frequency  using  the  fractional 
derivative  representation,  and  the  solution  to  the  equations  can  efficiently  be 
solved  as  developed  previously.  This  frequency-dependent  reduction  can 
be  considered  the  equivalent  of  static  condensation  for  systems  which 
contain  damped  elements  that  have  negligible  internal  mass  effects. 

6)  The  cost  of  the  eigenvalue  solution  procedure  is  independent  of  the  descrip¬ 
tion  of  the  damping  phenomenon  in  the  system  elements,  as  long  as  the 
element  impedance  properties  can  be  described  as  a  function  of  the 
Laplace  variable.  Therefore,  if  a  higher-order  fractional  derivative  represen¬ 
tation  is  appropriate  for  a  particular  material,  the  solution  procedure  is 
unaltered,  and  the  cost  is  effectively  unchanged. 

7)  The  accelerated  subspace  solution  method  can  be  used  for  eigenvalue 
problems  which  contain  combinations  of  viscous  dampers,  viscoelastic 
dampers,  and  even  for  closed-loop  systems.  This  facilitates  an  accurate 
modal  representation  of  actively  controlled  damped  systems. 
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ABSTRACT 

The  SILFD  (Step-by-step  Incremental  Linearization 
Frequency  Domain)  method  for  the  frequency  domain  analysis  of 
nonlinear  structural  systems  with  frequency  dependent  damping, 
described  in  Venancio-Filho  and  Claret  [1989]  is  implemented 
in  this  work  through  the  I  FT  (Implicit  Fourier  Transform) 
algorithm,  Venancio-Filho  and  Claret  [1991).  A  new  and  more 
efficient  process  for  the  consideration  of  the  initial 
conditions  in  the  SILFD  method  is  presented.  Numerical 
examples  are  presented  which  show  the  applicability  of  the 
proposed  method. 
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INTRODUCTION 


A  very  efficient  and  accurate  method  for  the  treatment  of 
structural  dynamics  engineering  problems  with  frequency 
dependent  damping  is  based  in  the  frequency  domain  solution  of 
the  motion  equations.  Physical  and  geommetrical 
nonlinearities,  when  present,  should  be  considered  in  these 
problems.  Only  recently  methods  of  nonlinear  dynamic 
structural  analysis  in  the  frequency  domain  have  been 
adressed.  Several  researchers  have  presented  contributions  in 
this  subject.  Kawamoto  [1983]  described  a  method  called  Hybrid 
Frequency-Time  Domain,  abreviated  HFTD,  for  nonlinear  analysis 
in  frequency  domain.  Wolf  and  Darbre  [1986]  presented  the 
segmenting  approach  of  HFTD  method  and  obtained  its 
convergence  properties.  Hilmer  and  Schmid  [1988}  describe  a 
technique  similar  to  the  segmenting  approach  using  Laplace 
Transform  which  computationally  differs  from  Fourier  Transform 
only  in  the  treatment  of  initial  conditions. 

All  these  methods  present  some  problems  related  to  its 
applicability  to  real  situations  in  structural  engineering. 
Two  problems  are  adressed  in  this  work.  The  first  refers  -o 
the  computational  effort  in  nonlinear  analysis  in  c  ~ 
frequency  domain  where  the  conventional  process  needs  numerous 
executions  of  direct  and  inverse  Fourier  transforms  of  complex 
series  with  a  great  number  of  terms.  Consequently,  the  memory 
allocation  and  the  computational  effort  is  normally  very  high. 
The  second  problem  is  the  treatment  of  initial  conditions  by  a 
segmenting  approach.  Hilmer  and  Schmid  [1988]  state  that  the 
treatment  of  non  null  initial  conditions  through  Fourier 
Transforms  is  numerically  unfavorable  because,  in  general, 
step  functions  cause  great  errors  in  transformed  functions. 

The  SILFD  method,  described  by  Venancio-Filho  and 
Claret  [1989],  combined  with  the  Implicit  Fourier  Transform 
Algorithm  for  dynamic  response  in  frequency  domain, 
Venancio-Filho  and  Claret  [1991],  solves  efficiently  the  first 
problem.  The  second  problem  is  treated  here  using  the  physical 
significance  of  initial  conditions  and  transforming  the 
original  problem  in  another  with  null  initial  conditions. 


THE  IMPLICIT  FOURIER  TRANSFORM  ALGORITHM 

The  dynamic  response  of  a  SDOF  system  in  the  frequency 
domain  can  be  expressed  by  the  following  equations,  Clough  and 
Penzien  [1982]: 
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n  =  0 


The  total  time  interval  T  in  which  the  response  is  to  be 

p 

calculated  is  divided  into  N  equal  time  intervals  given  by 

T 

At  =  - 1-  (3) 

N 

and  the  discrete  times  in  which  the  is  defined  a re  given 

by  T 

p 

t  =  n  At  =  n  -  (0  r  ?!  -  1 ) .  (4) 

"  N 

The  frequency  range  is  likewise  divided  i..o  N  equal  intervals 
Acj  expressed  as 

277 

Au  =  -  (5) 

T 

p 

and  the  discrete  frequencies  cj™  are  taken  according  Table  I 
(  see  Appendix  1  ) . 

In  equation  (2),  P(cjm)  is  the  discrete  Fourier  transform 
of  the  load;  in  equation  (1),  H(cjm)  P(cjm)  is  the  discrete 
Fourier  transform  of  the  response  (  or  the  response  in  the 
frequency  domain  )  and  v(tn)  is  the  inverse  discrete  Fourier 
transform  of  the  response  (  or  the  response  in  the  time 
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domain  ) . 

The  dynamic  response  expressed  by  equations  (1)  and  (2) 
can  be  numerically  determined  by  the  Fast  Fourier  Transform 
algorithm. 


Let  now 


<P>  =  {  P(tQ),  p(ti),  p(t2),...,  p(tn),...,p(tN  J  }  (6) 

and 


{v}  =  {  v(to),  v(ti),  v(t2),...,  v(tn),...,v(tN _t)  >  (7) 

be,  respectively,  the  vectors  of  the  load  and  the  response  at 
the  discrete  times 


tn  =  nAt,  n  =  0,1,2, ... ,N-1, 


(8) 


and  let 


{P}  =  {  P(wo),  P(u  ),  P(u2),...,  P(wm) . p(uN.,)  >  (9) 

be  the  vector  of  the  discrete  Fourier  transform  of  the  load 
defined  at  the  discrete  frequencies  dim  interpreted  according 
to  Table  I. 

With  the  definition  of  equations  (6)  and  (9), 
equation  (2)  can  be  casted  in  matrix  form  as 

{P}  =  At  [E*]  {p}  (10) 


where  the  (Nx$)  matrix  [E  ]  is  defined  as  the  matrix  whose 
generic  term  E  is 


mn 


(ID 
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or,  explicitly, 


where  a  =  (2rr/N).  By  the  same  token,  the  response  from 
equation  (2)  is  written  in  matrix  form  as 

Au 

{V}  =  -  [E]  [H]  {p}  (13) 

2  rt 

where  [E]  is  the  matrix  defined  in  equation  (11)  with  positive 
signs  in  the  exponentials  instead  of  negative  ones,  and  [H]  is 
the  diagonal  matrix  formed  with  the  complex  frequency  response 
functions  calculated  at  the  discrete  frequencies  of  Table  I. 
The  typical  term  of  [H]  is  given  by 

H(u  )  =  (k  -  mu2  +  iu  c)"1,  (0  s  m  s  m-1)  (14) 

where  k,  m,  and  c  are  the  stiffness,  mass,  and  damping  of  the 
SDOF  system,  respectively.  Substituting  now  (P)  from 
equation  (10)  into  equation  (13),  the  following  equation  is 
obtained: 


1 

(V>  =  -  [E]  [H]  [E*]  (p>  (15) 

N 

Equation  (15)  expresses  the  matrix  formulation  of  the  dynamic 
analysis  of  SDOF  systems  in  the  frequency  domain.  The 
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calculation  of  the  structural  response  in  the  frequency  domain 
through  this  equation  is  the  I FT  algorithm. 

THE  SILFD  METHOD 

Consider  the  SDOF  system  of  Fig.  l  submitted  to  an 
arbitrary  excitation  p(t).  The  spring  stiffness  k  depends  on 
the  displacements  v  due  to  the  system  non-linearity  and  the 
damping  coefficient  depends  on  the  frequency  of  the 
excitation,  w.  The  problem  is  then  to  integrate  the  dynamic 
equilibrium  equation 

mv+  c(o >)\i  +  k(v)v  =  p(t).  (16) 


the  damping  coefficient  is  u  dependent  a 
frequency-domain  analysis  has  to  be  performed  and,  as  the 
stiffness  depends  on  the  displacement,  a  linearization 
technique  must  be  employed.  Consequently  the  present  method  is 
a  Step-by-step  Incremental  Linearization  in  the  Frequency 
Domain  (SILFD)  method.  In  each  linearized  step  a  secant 
stiffness  is  considered. 

In  order  to  calculate  the  response  of  the  system  governed 
by  Eq.  l  two  approximations  are  made.  The  first  one  is  the 
approximation  of  the  given  load  by  piecewise  linear  segments. 
The  total  time  interval  in  which  the  response  is  to  be 
calculated  is  divided  in  intervals  Atj  =  tj  -  tj-i;  pj  and 
pj-i  are  the  values  of  p(t)  in  the  times  tj  and  tj-i, 
respectively,  and  Apj  =  pj  -  pj-i.  Fig.  2a.  The  load  variation 
in  time  interval  Atj  is  given  by.  Fig.  2a, 


p(T)  =  p  +  - -z  (17) 

J  At 

J 

where  t  is  the  current  time  in  Atj  (0  s  %  ^Atj).  The  second 
approximation  refers  to  the  spring  force  versus  displacement 
curve.  This  curve  is  also  approximated  by  piecewise  linear 
segments  as  indicated  in  Fig.  2c.  The  levels  of  these  two 
approximations  depend  on  the  accuracy  with  which  the  load  and 
the  stiffness  variation  can  have  a  good  representation. 

The  response  of  the  system  is  calculated  through  the 
linearized  steps  along  the  time  intervals  Atj  in  which  the 
spring  is  considered  linear  with  stiffness  kj,  Fig.  2b.  the 
linearized  dynamic  equilibrium  equation  in  time  interval  Atj 
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is 


m  V  +  c ( (j )  v  +  k^v  =  p(r)  (18) 

with  the  initial  conditions  vj-i  and  vj-i,  Fig.  2a.  Herein  the 
treatment  of  the  initial  conditions  departs  from 
Venancio-Filho  and  Claret  [1989]  in  order  to  circumvent  the 
errors  in  the  transformed  functions  to  the  step  functions. 

The  displacement  response  in  time  interval  Atj  due  to  the 
applied  load  obtained  through  the  IFT  algorithm  is 


(V,8—  [E]  [H]  [E*l  {p  >  (19) 

J  2  n  J  L 

where  {pj}L  is  the  load  vector  in  the  time  interval  Atj. 

The  displacement  response  due  to  the  initial  displacement 
is  equivalent  to  the  response  due  to  a  constant  force,  in  the 
time  interval  Atj,  given  by 


{pJ}l  =  -kvH{l}  (20) 

where  {1}  is  a  vector  with  all  elements  equal  to  1. 
Consequently  the  response  is  obtained  from  Eq.  19  as 

<Vv  —  H]  [H]  [EJ  k  »  (1).  (21) 

j-i  2n  J 


The  displacement  response  due  to  the  initial  velocity 
j-i  is  the  response  to  an  impulse  m  j-i  which  is  obtained 
from  the  unit  impulse  response  function  as 


vJ=m^J1h(t).  (22) 

h(t)  is  the  inverse  Fourier  Transform  of  the  complex  frequency 
response  function  H(u)  and  is  given  by 
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h(t) 


1 

2n 


+CO  — 

H(w)  e  dw. 

-00 


(23) 


Considering  Eqs.  23,  22,  and  15,  the  response  due  to  j-i  is 

obtained  as 


mv  Aw 

{v  }  =  —ili -  [E)  £H)  {1}.  (24) 

J  -  i  2n 

The  total  response  in  time  interval  Atj  is  the  given  by  the 
sum  of  the  responses  in  Eqs.  19,  21,  and  24.  The  result  is 


<V 


Aw  r  « 

-  [E]  [H]  L[E  ]  (<PJ>L  -  kjVj .,) 

2n 


(25) 


EXAMPLES 

A  SDOF  system  formed  by  a  mass  m  -  1  k.g  and  by  a  bilinear 
spring  with  constants  Ki  »  10000  M/mm  and  K2  =  10  M/mm  was 
analysed  by  Kawamoto  [1983)  considering  undamped  vibrations. 
The  same  system  is  now  analysed  considering  the  following 
cases:  I)-  undamped  system;  I X  frequency-dependent  damping 
acording  to  the  function  c(w)  shown  in  Fig.  3;  III^" 
frequency-dependent  damping  acording  to  the  function  c(w) 
shown  in  Fig.  4.  The  load  function  is 

p(t)  =  50  sin( 1. 5t )  +  100  sin  0.005t  (26) 

which  is  pictured  in  Fig.  5.  The  natural  period  of  vibration 
is  T  »  0.063  sec.  Kawamoto  [1983]  considered  At  -  1  sec  to 
perform  the  analysis  of  system’s  response  through  the  HFTD 
method,  and  At  =  0.02  sec  using  direct  integration  of 
equilibrium  equations. 

In  case  I,  using  the  SILFD  method  with  the  IFT,  a  time 
interval  At  =  25  sec  is  used,  and  the  system’s  response  is 
shown  in  Fig.  6.  Comparing  this  response  with  Kawamoto’s  one 
(  Kawamoto  [1983],  Figure  6.94,  page  341  ),  it  is  evident  that 
the  proposed  method  is  efficient  in  predicting  the  maximum  and 
minimum  response  of  the  system.  Furthermore,  the  proposed 
method  is  better  than  HFTD  in  describing  the  "true"  response 
of  the  system,  particularly  if  we  consider  the  accentuated 
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spring  softening. 

The  responses  of  Cases  II  and  III,  Figs.  7  and  8, 
respectively,  show  that  frequency-dependent  damping  is  treated 
conveniently  by  the  proposed  method.  Others  types  of  c(u) 
functions  can  be  considered  with  no  changes  in  the  algorithm. 
A  very  small  diferences  in  the  moduli  of  maxima  displacements 
are  observed  from  Case  I  to  Cases  II  and  III.  One  reason  is 
predominant  for  this  fact:  the  steady-state  response  is 
calculated  and  the  static  amplitude  p(t)/K2,  for  such  a  small 
value  of  K2,  is  predominant  in  the  system’s  response. 

CONCLUSIONS 

The  proposed  method  is  efficient  for  treatment  of  dynamic 
nonlinear  systems  with  frequency-dependent  damping.  In  a 
future  work,  the  computational  effort  needed  will  be  measured 
and  compared  with  the  cpu  time  of  others  methods.  Howewer,  it 
is  very  apparent  that  the  SILFD  method  combined  with  the 
IFTalgorithm  is  well  suited  for  nonlinear  analysis  in 
frequency  domain,  optmizing  computational  effort  and  memory 
allocation. 
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APPENDIX 


The  discrete  frequencies  employed  in  this  formulation 
must  be  interpreted  according  Table  I.  Takinginto  account  the 
frequencies  w  from  Table  I,  H(w  )  and  H(w  ),  Eq.  14,  are 

m  m  N-m 

complex  conjugate. 


Table  I.  Discrete  frequencies  (N  odd) 


m 

m  or  (N-m) 

ID 

0 

0 

0 

1 

1 

Aw 

2 

2 

2  Aw 

•  •  • 

•  •  • 

•  •  • 

(N/2-1) 

(N/2-1) 

(N/2-1) Aw 

N/2 

N/2 

(N/2) Aw 

( N/2+1 ) 

(N/2+1) 

[-(N/2+1) ]Aw 

•  •  • 

•  •  • 

•  •  • 

N-2 

2 

-2Aw 

N-l 

1 

-Aw 
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ABSTRACT 


As  one  of  the  direct  applications  of  complex  damping  theory,  a  useful 
property  of  structural  damping  is  presented  in  this  paper.  If  a  structure 
is  linear  and  lightly  damped,  (i.e.  the  maximum  damping  ratio  <  0.3),  then 
increased  damping  of  the  structure  will  result  in  proportional  change  in 
each  modal  damping  ratio  of  the  system.  This  property  '  s  particularly  useful 
in  damping  re-design  and  damping  measurement.  A  number  of  experimental 
and  numerical  examples  are  also  presented. 
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INTRODUCTION 


Quantities  such  as  v  l-^2  and  exp(-£o)  ,  where  £  is  the  damping  ratio  and 
u  is  the  undamped  natural  frequency,  are  often  seen  in  the  studies  of 
dynamic  systems.  Direct  treatments  of  these  quantities  are  difficult. 
Furthermore,  they  are  too  complicated  to  be  used  in  practice.  Most 
engineering  applications  typically  use  approximated  values  for  these 
quantities.  In  Table  1  some  possible  approximations  of  £  and  -J  l-£2 
together  with  the  associated  errors  are  given. 


Table  1  Damping  ratios  and  the  approximations 


approximation  of  £ 

approximation  of  J  l-£2 

$ 

sh(£)  &  error 

EfEl 

1  &  error 

l-£2/2  &  error 

.  001 

1.0000005  0 .7. 

0.9999995 

1  5e-  57. 

.  9999995  0 . 07. 

.01 

.0100001  1 . 6e-5% 

0. 99995 

1  5e-  37. 

.999995  0.07. 

.05 

.  0500208  .  0427. 

0.9987492 

1  0.  1257. 

.  99875  -8e-57. 

.  1 

.  1001667  .  1677. 

0.  9949874 

1  0.5017. 

.995  .001267. 

.2 

.201336  .6687. 

0.9797959 

1  2.0207. 

.  98  .  02047. 

.25 

.2526123  1.047. 

0 . 9682458 

1  3.  1757. 

.  96875  . 05047. 

.3045202  1.517. 

0.9539392 

1  6.0607. 

.  955  .  1067. 

In  this  Table,  the  largest  error  appears  when  v  l-£2  is  approximated  by 

unity.  If  the  value  of  £  is  less  than  107.  ,  then  tne  error  is  no  more  than 

0.57.  .  If  the  value  of  £  is  less  than  307,,  then  this  error  is  less  than  57,. 

2 

If  we  approximate  1-^/2  by  unity,  then  the  error  is  no  more  than 
0.1067..  These  errors  are  tolerable  in  most  engineering  applications. 
We  define  a  structural  system  to  be  lightly  damped  if  the  absolute  value 
of  the  damping  ratio  for  the  system  Is  less  than  307.  .  The  damping  of  most 
civil  engineering  structures  such  as  buildings,  bridges,  dams  and  towers  is 
usually  less  than  107,.  Metal  structures  nave  even  less  damping.  Theoretical 
speaking,  for  lightly  damped  systems,  we  have  the  following  equations 

/7-72  -<  i 
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(1) 


A42  *  i  -  s2/  2 

exp(£)  *  1  +  £  +  £2 /  2 
ch(£)  *  1 
sh(£)  «  £ 

This  paper  is  limited  to  the  discussion  to  such  systems. 

COMPLEX  DAMPING  OF  LIGHTLY  DAMPED  STRUCTURES 
We  first  describe  the  complex  damping  ratios  of  lightly  damped  systems. 
Consider  an  MDOF  system.  For  each  virtual  mode  of  the  system,  we  can  have 
an  equation 

ii  +  (a  +  Jb)  u  +  u2u  =  0  (2) 

n 

The  characteristic  equation  of  (2)  is  given  by 


with 


A2  +  (a+jb)  A  +  u2  =  0 

n 


A  =  4-  Ha+Jb)  ±  ((a+jb)2-  4w2))1/z] 

eL  n 


-  «.  t-  *  a  ^  )2  - .  >-i 

n  n 

,  r  (  a+Jb  «  \  i  ^  4  ,  /  a+Jb.  v 2  .1/2, 

=  j  t  (  j  1  ±  (  i  +  (  — j  )  >  ] 

n  n 


(3) 


Using  (1)  for  lightly  damped  systems,  we  have 


and 


Without 


(  1  +  ( 


a+jb  .2  ,1/2  „ 

2w  J  ‘  ' 

n 


a+jb,  x2 
2  u  J  ’ 


loss  of  generality,  let  us  first  take  the  positive  sign  of 


(4) 

(5) 


(  1  +  ( 

in  Equation  (3).  Then  we  have 


a+jb  ,2  ,1/2 
2u  J  ;  ’ 

n 


A 


a+jb 

2w 


a+jb 

2u 


2 

J) 


] 


By  using  ( 1 ) ,  we  have 


(6) 


(  a+jLj)  +  i  ♦  J_  (a^-b.  j)2  , 

v  2k)  2  1  2u 

n  n 

=  exp(  j-27T  >  exp(^-) 


exp(4|?) 


[  1  +  J- 


n 

a 


2k) 


ir(-sr)2i  “*-ar> 


"  t  J-ST  *  <  1  -  (  tS-J  )2)'/2lexp(-^|-) 

n  n  n 


It  follows  that 


x  =  j«  j 


i 

n 


2u> 


♦  (  i  -  ( 


a  _j  jZji/a 


2w 


n 


*  -  sr  *»  1  -  1  s-J  >2),/2-p<4-)“„ 

n  n  n  n 

Now  take  the  negative  sign 

-  C  l  ♦  (  )2  )’'2 


(7) 


in  Equation  (3),  we  have 
A  -  - 


25-XP<-2>n  -  J<  1  -  (^)2>1/2eXP<4-^n 


n  n  n 

Combining  Equations  (7)  and  (8),  we  have 

*  -  -  -2^XP<-|>„  1  J<  1  -  ^  )2^^K 

n  n  n  n 

By  comparing  the  Equation  (9)  with  the  standard  form  of  \t 

±  \v\- 


we  have 


and 


By  using  ( 1 ) 


Then 


A  =  -  $w 
a 


-a2  « 


2w 


*  $  (  a  =  2  ?  k)  ) 

n 


exp(-^-)k)  =  w 


,  +b  .  b  .2.1/2 

exp(-2^)  *  1  1  (  1  *  (-ST>  > 

n  n 


(8) 


(9) 


(10) 


2u 


=  C  (  b  =  2  <  k>  ) 


(11 


In  Equations  (10)  and  (11),  a  and  b  are  associated  with  the  ith  virtual 


mode  of  the  system.  By  assigning  to  a  and  b  some  proper  subscripts,  we 
have,  for  the  1th  virtual  mode  of  the  system, 
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(12) 


a  =  2  f  u 
i  m 


nl 


b  =  2  <  w 

1  ^1  nl 


sind 


u  ±  exp(+<  )  u 


\  *  -  «,e’",(*V  nl 

Sometimes,  it  is  convenient  to  approximate  by 

X  =  j  u  exp(  £  ±  j  C,  ) 

i  n 


1  nl 


(13a) 


(13b) 


th 


If  we  define  the  i  complex  damping  ratio  of  a  lightly  dajnped  system  by 

d 


d  = 


l 


=  £  ±  i  f 

i  2u  S  J  S 


(14) 


nl 


then  we  cam  make  the  following  statements. 


Theorem  1.  For  lightly  dajnped  MDOF  system,  The  complex  damping 
coefficient  of  the  ith  virtual  mode  is 

where  the  real  pau~t  of  the  complex  daunping  ratio,  £j(  is  the  traditionally 
defined  "daunping  ratio",  §  ,  l.e. 

real  (d  ) 

c  a  _ 1  *  ? 

2  v  S  * 

n  1 

the  imaginary  part  of  the  complex  damping  ratio,  4^,  is  associated  with 

the  change  of  undaunped  natural  frequency  from  the  zero-daunping 

frequency  w  ,  i .  e . 

nl  u  -  exp(^  )  u  . 

i  r  M  nl 

Theorem  1  indicates  that,  for  a  lightly  damped  system,  we  cam  treat  the 
real  and  Imaginary  parts  of  the  complex  daunping  ratio  (or  complex  damping 
coefficient)  separately.  The  Theorem  is  useful  in  energy  analysis  of  real 
damping  and  i magi nary  damping. 


THE  LINEAR  PROPERTY  OF  LIGHTLY  DAMPED  SYSTEMS 

For  lightly  damped  systems,  the  damped  natural  frequencies  are 
approximately  equal  to  the  undamped  natural  frequencies.  That  is,  if  the 
value  £  is  sufficiently  small,  then 

exp(  £()  «  l 

and  ij)  =  exp(C  )  u  «  u  (15) 

1  1  nl  nl 
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Equation  (15)  says  that,  if  two  lightly  damped  systems,  and 
the  same  mass  and  stiffness  distribution,  then 


1(1) 

Im 


i<2) 

Im 


and 


x!n  «  a!2) 


1  =  1, . . .2n 


1 Im  1 Im  ’ 

To  simplify  the  notations,  we  arrange  the  system  eigenvalues  in  the 
following  order 

A  ,  A  .  A 

12  n 

so  that  their  corresponding  natural  frequencies  satisfy 

.  . .  s  <j 


,  have 

(16) 

(17) 


o  £ 
l 


0)  s 
2 


For  proportional  systems,  we  now  have  the  following  lemma. 

Lemma  1.  If  a  lightly  damped  system  H  has  proportional  damping  Cc  which 
can  be  represented  as  the  sum  of  two  proportional  damping  Cjc  and  C ^  , 
i.e. 

C  =  C  +  C 

C  1C  2C 


1C  2C 

A 

Re 

.(1C)  ^  .(20 

A  +  A 

Re  Re 

A,  = 

1  Re 

,(1C)  ^  - (20 

A,  +  A 

i Re  1  Re 

i  =  i,. 

.  .  2n 

(18) 

> 

►-1 

B 

tt 

.(1C)  ~  .(20 

A  ~  A 

In  Im 

a, 

1  In 

*  x!n  *  a!2)  , 

lira  1 Im 

i  =  i... 

.  2n 

(19) 

i.e. 

and 

i.e. 


Lemma  1  says  that,  for  a  system  with  proportional  damping,  if  it  can 
be  split  into  two  subsystems  both  with  proportional  damping,  then  the 
imaginary  part  of  the  eigenvalues  of  the  original  system  is  the  sum  of  the 
corresponding  imaginary  parts  of  the  two  subsystems.  In  other  word,  the 
damping  ratios  possess  the  following  relationship 


.(C)  _  OlC)  +  (20 

’(  M  M 


i  =  1, . 2n 


( 20 : 


where  the  superscript  (. )  stands  for  the  corresponding  system  (. ). 


Lemma  1  can  be  used  in  damping  identification.  When  dampers  are  added  to 
a  structure,  the  damping  ratio  of  the  structure  is  changed.  By  using 
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equations  (18)  and  (19),  we  can  determine  the  damping  ratio  of  the 
modified  structure.  In  a  later  section,  some  examples  will  be  given. 


Lemma  1  can  be  extended  to  systems  with  general  non-proportional  damping. 
This  is  described  in  the  following  Lemma. 


Lemma  2:  For  any  lightly  damped  system  with  damping  C,  let  H  be  the  state 
matrix.  If  we  separate  the  system  into  two  subsystems  Hp  and  Hh  ,  then 
we  have 


1 .  e. 


iRe 


1  ■  1,  2,  . . .  2n  (21) 


and 


i .  e. 


( 

i  Im 


1  =  1,  2,  . . .  2n 


(22) 


This  lemma  is  easily  understood  by  noting  that  systems  H  and  Hp  have 
the  Identical  damping  ratios  for  their  modes,  and  almost  the  same  natural 
frequencies  per  each  mode. 


Theorem  2.  If  the  damping  matrix  C  of  a  lightly  damped  system  H 


can  be  represented  by  the  sum  of  two  matrices  C^and  C^, 
then,  for  subsystems  and  ,  we  have 

A  »  A(U  ♦  A<2) 

Re  Re  Re 


i  .  e. 
and 

1 .  e. 


iRe 


*  A 


( 1) 

iRe 

A 


a(2)  . 

IRe 

A(l5  *  A'2) 

Ira  Ira 


lira 


(1)  ~  i<2) 

lira  ~  lira  ’ 


i . e.  C  *  C  *  C 
1  2 


i  =  1,  2,  . 


2n. 


1=1,  2,  ...  2n 


(23) 


(24) 


Proof. 

Let  C  =  C  +  C  and  C  =  C  +  C  .  Then  we  have 

1  IP  IN  2  2  P  2N 


C  =  C  +  C=  (C  +  C)  +  (C  +  C  ) 

12  IP  2P  IN  2N 


According  to  Lemma  2, 
A  ~ 

Re 


-  (  IP  ♦  2P)  .UP)  .  (  2P) 

A  =  A  +  A 

Re  Re  Re 


.(1)  .12) 

A  ♦  A 

Re  Re 
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The  second  half  of  the  theorem  Is  obvious. 

Corollary  1.  If  lightly  damped  systems  and  have  same  mass  and 
stiffness  distribution  and  damping  matrix  of  is  8  times  of  Ci  of  Hi , 


( 1.  e. 

C  =  J3  C  ) ,  then,  for 
2  1 

H 

l 

and  H 

2 

,  we  have 

AU) 

~ 

a(2> 

i .  e. 

\  (1) 

1  In 

~ 

a<2) 

1  Im 

i  = 

1. 

2,  .. 

.  ,  2n. 

(25) 

and 

a(2) 

Re 

~ 

9  A(1) 

Re 

1 .  e. 

lRe 

~ 

8  a!11 

iRe 

i  = 

1. 

2,  .. 

.  ,  2n. 

(26) 

APPLICATIONS  AND  EXAMPLES 
Example  I 

Figure  1  shows  a  structure  with  3  DOF.  Before  dampers  are  added,  the  system 
has  the  following  damping  ratios 

Table  2  Damping  Ratios  of  the  Base  Structure 


Mode 

I 

II 

III 

damping  ratio 

.0102 

.0087 

.0079 

By  adding  dampers  to  the  base  structure,  the  damping  ratios  are  changed. 
Since  the  damping  ratio  of  a  damper  is  directly  related  to  the  physical 
parameters  (such  as  the  loss  modulus  and  the  volume  of  damping  material), 
the  ratio  can  be  calculated  when  these  parameters  are  given.  Suppose  we 
have  already  obtained  the  corresponding  damping  ratios  contributed  by 
the  dampers  (first  row  of  Table  3).  Now  we  would  like  to  have  the  damping 
ratios  of  the  structure  after  the  dampers  are  incorporated.  It  is  easy  to 
see  that  the  system  is  still  lightly  damped.  So  from  Theorem  2  we  can 
calculate  the  damping  ratios  using  the  linear  property.  The  results  are 
shown  in  the  third  row  of  Table  3.  The  last  row  in  Table  3  gives  of  the 
experimental  data  to  be  directly  compared  with  the  calculated  results. 
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Table  3  Calculation  of  damping  ratio 


mode 

— 

I 

II 

III 

^add 

.275 

.  1010 

.0744 

£ 

base 

.0102 

.0087 

.0079 

calculated 

€ 

.2852 

.  1097 

.07519 

tested 

€ 

.2970 

.0877 

. 06200 

Example  II 

The  second  example  is  concerned  with  the  damping  matrix  decompositions. 
Thus  far,  there  are  three  popular  damping  matrix  decompositions.  (1).  The 
C lough- Penzien  decomposition 

C  =  C  +  C 

P  N 

This  decomposition  gives  a  proportional  damping  matrix  Cp.  Consequently 
all  the  damping  ratios  of  the  system  can  be  calculated. 

(2).  The  pure  proportional  and  non-proportional  decomposition 

C  =  C  +  C 

d  o 

This  decomposition  gives  the  pure  non-proport ional  damping  matrix  C  . 

o 


(3).  The  real -imaginary  decomposition: 

C  =  C  ♦  C 

r  i 

This  decomposition  gives  the  matrix  and  the  matrix  which 

provide  the  real  part  and  the  imaginary  part  of  the  complex  damping  ratio 
respectively. 

Although  decomposition  (3)  is  in  great  use  when  dealing  with  energy 
analysis,  its  computations  are  intensive.  With  the  help  of  Theorem  2 
we  can  use  the  formula 

c  =  c  +  c 

d  o 

to  approximate  C  =  C  +  C  .  This  is  a  simple  approach  to  obtain  C 

r  L 
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matrix. 


Suppose  we  have  the  following  M-C-K  system, 


2 

-1 

-1 

0  ‘ 

180 

-48 

0 

0 

-1 

3 

-1 

-1 

and  K  = 

-48 

136 

-88 

0 

-1 

-1 

4 

-2 

0 

-88 

190 

-92 

0 

-1 

-2 

5 

0 

0 

-92 

92 

Since 


'  408 

-144 

-92 

92 

-324 

544 

-352 

0 

-132 

-440 

992 

-552 

48 

40 

-732 

644 

we  know  that  the  system  is  non-proportionally  damped.  Using  the  pure 


proportional  decomposition,  we  have 


3.8507 

-.2994 

.0301 

-.3307 

f  — 

-.2944 

3.6314 

-1. 1827 

-.5486 

u  — 

d 

.0301 

-1. 1827 

3.6328 

-1.3303 

and 

-.3307 

-.5486 

-1.3303 

2.8851 

'  -1.8507 

-.7006 

-1.0301 

.  3307 

r  — 

-.7006 

-.6314 

.  1827 

-.4514 

L»  — 

o 

-1.0301 

.  1827 

.3672 

-.6697 

.3307 

-.4514 

-.6697 

2.1149 

The  eigenvalues  of  the  system  are  given  by 


-2.5182  ±  16. 5207 J 
-1.8893  ±  13. 6937 j 
-1.9617  ±  9. 8809 j 
-0.6307  ±  3.0123J 

their  corresponding  complex  damping  ratios  are 


.1507  ±  . 0098 J 


.1367  ±  . 0066 J 
.1947  ±  . 0063 J 


.2050  ±  .0100J 


The  maximum  damping  ratio  is  about  21%.  According  to  Corollary  1,  if  the 
damping  matrix  is  reduced  to  one  tenth  of  the  original  value,  then  the 
damping  ratios  will  be  approximately  decreased  to  ten  times  smaller. 
Therefore  the  maximum  damping  ratio  is  about  2%. 


In  Table  4  we  listed  the  results  of  A(H  )  and  i?(H  )  from  C  -  C 

CO  CO  do 

decomposition  as  well  as  the  results  from  the  system  of  C/10  damping. 
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Table  4  A(H  )  and  0(H  ) 

CO  CO 


Original  system 

System  with  C/10 

? 

g 

e  A 

.0179  ±  16. 7148 J 

.0000  ±  16. 8771 J 

-.0323  ±  13. 8242 J 

.0000  ±  13. 9147 j 

n 

V 

a 

1 

u 

e 

.0148  ±  10. 0737 j 

.0000  ±  10. 0098 j 

-.0004  ±  3. 0769 j 

.0000  ±  3. 0468 j 

c  d 

1  X 

le-4  x 

o  a 
m  m 

P  P 

. 1507  ±  . 0098 j 

-.0100  ±  . 9811 j 

1  i 
e  n 
x  g 

. 1367  ±  . 0066 J 

.0216  ±  . 6170J 

I 

. 1947  ±  . 0063 j 

-.0136  ±  . 6156 j 

0 

.2050  ±  .0100J 

.0012  ±  . 9824J 

The  numerical  results  in  Table  4  show  that  the  approximation  is 
satisfactory.  This  is  particularly  obvious  for  the  small  damping  ratios. 

CONCLUDING  REMARKS 

Most  engineering  structures  can  be  classified  as  lightly  damped  systems. 
Dynamic  analyses  of  these  structures  could  be  different  from  and  simpler 
than  those  of  heavily  damped  systems.  The  nice  linear  property  of  the 
lightly  damped  systems  presented  in  this  paper  is  such  an  example.  A 
further  application  of  this  property  can  be  found  in  damper  utilization 
design  (see  Liang  et  al  1991). 
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Active  Vibration  Suppression  via  LQG/LTR; 
Analytic  and  Experimental  Results  for  the 
PACOSS  Dynamic  Test  Article 
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ABSTRACT 

Future  large  space  systems  (LSS)  will  possess  high  modal  density  at  low 
frequencies,  and  mission  performance  requirements  will  necessitate  control 
bandwidths  encompassing  these  modal  frequencies.  This  situation  has  potential  for 
adverse  controls/structure  interaction  (CSI)  detrimental  to  system  performance. 

The  Passive  and  Active  Control  of  Space  Structures  (PACOSS)  program  has 
investigated  the  design,  analysis,  and  verification  of  passive  and  active  damping 
strategies  applied  to  LSS.  This  paper  discusses  the  results  of  an  experiment  in  which 
a  Linear  Quadratic  Gaussian  with  Loop  Transfer  Recovery  (LQG/LTR)  design 
technique  was  applied  to  the  PACOSS  Dynamic  Test  Article  (DTA)  for  the  purpose  of 
high  authority  vibration  suppression. 

In  general,  the  LQG/LTR  control  demonstrated  high  sensitivity  to  design  model 
accuracy.  Actual  performance  was  significantly  less  than  predicted,  even  though  the 
control  design  utilized  an  accurate  test-verified  model. 

The  results  of  this  experiment  indicate  that  analytic  LSS  models  which  are  quite 
accurate  by  structural  dynamics  standards  may  be  insufficient  for  use  as  design 
models  in  modern  control  algorithms.  However,  passive  damping  designed  into  LSS 
flexible  modes  will  simplify  the  active  control  design  and  implementation  in  terms  of 
sensor/actuator  requirements,  design  model  order,  real  time  computing  requirements, 
and  overall  system  robustness. 


$  P.O.  Box  179,  Denver,  CO.  80201,  Mai!  Stop  H4330,  phone:  (303)  971-9388. 
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INTRODUCTION 


Future  large  space  systems  (LSS)  will  possess  high  modal  density  at  low 
frequencies.  Some  missions  envisioned  for  these  systems  require  rapid  retargeting 
and  precision  pointing  which  lead  to  control  bandwidths  overlapping  many  closely 
spaced  structural  modes.  Therefore,  some  means  of  structural  vibration  control  will  be 
necessary  to  avoid  excessive  excitation  of  the  flexible  modes.  Passive/active  vibration 
control  is  the  most  realistic  and  efficient  approach  for  vibration  suppression  in  such 
dynamically  challenging  systems 

The  Passive  and  Active  Control  of  Space  Structures  (PACOSS)  program 
investigated  the  design  and  implementation  of  passive  and  active  vibration 
suppression  on  structures  typical  of  many  LSS  configurations.  This  involved  design 
and  fabrication  of  the  passively  damped  dynamic  test  article  (DTA)  possessing  high 
modal  density  between  1  and  10  Hz  {Fig  1).  Also,  an  active  vibration  control  system 
was  designed  and  implemented.  A  brief  description  of  the  DTA  hardware  and  test 
setup  is  presented  in  this  paper,  while  a  detailed  description  of  the  DTA  is  given  in 
Reference  1 . 

Previous  investigations  with  the  DTA  demonstrated  good  agreement  between 
measured  and  predicted  performance  of  the  passive  damping  design  acting  in  concert 
with  local  direct  velocity  feedback  (LDVFB)  as  discussed  in  Reference  2.  However,  the 
LDVFB  was  a  relatively  low  authority  active  damping  approach  which  did  not 
dramatically  improve  the  DTA  line  of  sight  (LOS)  performance.  Optimal  control  in  the 
form  of  a  Linear  Quadratic  Regulator  (LQR)  approach  allows  for  efficient  use  of 
actuator  capability  in  the  design  of  high  authority  vibration  control.  The  loop  transfer 
recovery  (LTR)  technique  allows  for  estimator  design  which  recovers  the  desirable 
characteristics  of  the  LQR  full  state  feedback  design.  These  characteristics  make  the 
LQG/LTR  design  algorithm  attractive  for  designing  a  multi-input  multi-output  vibration 
controller  for  the  DTA. 

This  paper  discusses  the  application  of  the  LQG/LTR  controi  design  algorithm  to 
the  DTA  LOS  vibration  suppression  problem.  Analytic  and  measured  results  a.  > 
presented  to  show  the  degree  of  agreement  between  analytic  predictions  and  actual 
performance.  Conclusions  regarding  the  practical  application  of  LQG  control  for 
vibration  suppression  and  the  role  of  passive  damping  are  drawn  f-om  the  test  resu.is 
and  analytic  studies. 

HARDWARE  DESCRIPTION  AND  MODELING 

The  PACOSS  DTA  is  a  laboratory  testbed  for  passive  and  active  structural 
vibration  control  implementation  and  testing.  The  DTA  possesses  23  major  structural 
modes  between  1  and  10  Hz,  many  of  which  are  global  in  nature.  Uoing  +he  method 
described  in  Reference  .3,  passive  damping  levels  between  5%  and  10%  (modal 
viscous)  were  designed  into  the  flexible  modes  which  contribute  to  LOS  error.  The 
analytic  model  was  then  verified  through  a  comprehensive  modal  survey  (Reference 
4).  The  DTA  is  suspended  from  three  pneumatic  suspension  devices  which  have  very 
low  stiffness  and  virtually  no  friction.  The  suspension  arrangement  gives  the  DTA  six 
rigid  body  modes  below  0.3  Hz.  The  overall  lest  setup  is  shown  in  Figure  2. 


Figure  2  DTA  Test  Setup 
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The  active  control  system  includes  reaction  mass  actuators  (RMA),  inertial 
velocity  measurements,  and  a  digital  control  processor.  Ten  RMAs  with  collocated 
Sundstrand  QA-1400  accelerometers  and  linear  velocity  transducers  are  mounted  at 
the  locations  shown  in  Figure  3.  Also  identified  in  Figure  3  are  the  locations  of  three 
additional  non-collocated  QA-1400  accelerometers.  Inertial  velocity  is  obtained  from 
the  13  accelerometers  by  integrating  the  signals  with  bi-quad  filters  as  discussed  in 
Reference  5.  Thus,  the  control  system  involves  23  inputs  (10  collocated  inertial 
velocities,  10  collocated  relative  velocities  between  the  reaction  masses  and  DTA,  and 
3  non-collocated  inertial  velocities), and  10  outputs.  Control  laws  are  implemented  via 
an  Optima/3  digital  controller  capable  of  handling  up  to  32  inputs  and  32  outputs.  In 
the  PACOSS  experiment,  the  processor  r^n  the  LQG/LTR  control  law  (36  states,  23 
inputs  and  10  outputs)  at  a  400-Hz  sample  rate. 

Due  to  their  1.5-Hz  natural  frequency,  the  RMAs  cannot  contro!  the  >^w 
frequency  rigid  body  dynamics  of  the  DTA.  Therefore,  a  relative  LOS  was  defined  to 
exclude  rigid  body  modes  from  the  contro!  system.  Thus,  the  controller  acts  strictly  as 
a  vibration  suppression  system.  Figure  3  identifies  four  disturbance  input  points  on  the 
DTA.  These  disturbances  could  be  from  maneuvering  thrusters  or  onboard 
equipment.  The  relative  LOS  response  to  these  disturbance  inputs  was  taken  as  the 
performance  metric  to  be  minimized  by  the  controller 


Figure  3.  DTA  Control  Locations 


addition  to  the  active  control  instrumentation.  182  Kistler  model  8632 
accelerometers  were  installed  on  the  DTA  for  acquiring  modal  survey  data.  The  large 
number  of  cables  seen  in  Figure  2  are  primarily  from  these  modal  accelerometers. 


Tests  with  and  without  the  majority  of  cables  attached  showed  that  the  instrumentation 
cables  had  no  effect  on  the  flexible  modes  of  the  DTA.  The  LOS  measurement  was 


synthesized  as  a  linear  combination  of  selected  measurements  from  the  Kistler 
accelerometers, 

A  detailed  finite  element  model  of  the  DTA  with  over  10,000  degrees  of  freedom 
(DOF)  was  developed  and  test  verified  during  the  first  phase  of  the  PACOSS  program. 
The  detailed  mode!  was  reduced  (via  a  Guyan  reduction)  to  357  DOFs,  and  the  modes 
determined  from  this  reduced  model.  Table  1  compares  the  analytic  and  measured 
natural  frequencies  and  damping  ratios  and  lists  the  diagonal  term  of  the  orthogonality 
product  between  the  predicted  and  identified  n.cdoe  up  to  10  Hz,  The  modes  retained 
in  the  control  design  model  (CDM)  were  those  possessing  significant  observability  or 
controllability  when  the  control  paints,  sensor  points,  disturbance  input  points,  and 
ICS  were  ouusidwiou.  Esse.u.aiiy,  me  COM  includes  all  giooai  modes  and  a  tew 
appendage  modes  with  frequencies  below  10  Hz, 
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The  conelation  of  the  analytic  and  measured  results  was  excellent  in  terms  of 
frequency  and  damping  ratios.  The  orthogonality  diagonal  term  indicates  agreement 
in  terms  of  mode  shape  and  should  be  greater  than  0.9.  As  lisied  in  Table  1 ,  the  mode 
shape  correlation  is  quite  good  for  most  of  the  flexible  modes  retained  in  the  COM  with 
the  exception  of  modes  6,  7,  10,  and  19.  Modes  6  and  7  are  antisymmetric  global 
modes  which  involve  the  box  truss,  tripod,  and  solar  arrays.  Modes  10  and  19  are 
more  local  in  nature,  mainly  involving  the  antenna. 

Review  of  component  modal  surveys  (R9f  6)  indicated  that  the  fundamental 
constrained  interface  mode  of  the  box  truss  was  about  6%  higher  in  natural  frequency 
than  predicted.  In  an  effort  to  evaluate  the  effect  on  the  DTA  system  modes  of 
matching  the  box  truss  constrained  interface  fundamental  frequency,  the  1/8-in. 
diameter  x  0.014-in.  wall  box  truss  members  were  stiffened  by  20%.  This  increased 
the  box  truss  constrained  interface  fundamental  frequency  by  the  desired  6%  to  match 
the  component  test  results.  In  this  case,  the  fundamental  mode  shape  of  the  box 
remained  essentially  unchanged.  The  DTA  model  was  recoupled  with  the  stiffened 
box  model,  and  the  system  modes  computed. 

Table  2  lists  the  results  for  the  updated  mode!  CDM  modes.  Note  the  negligible 
differences  in  natural  frequencies  and  damping  ratios  between  the  two  analytic 
models  for  all  but  modes  6  arid  7  (see  Tab!''  1).  These  modes  show  a  small  shift  :r. 
frequency  but  a  . elatively  large  change  in  damping  ratio.  Agreement  with  the 
measured  values,  while  remaining  quite  good,  improves  somewhat  for  mode  7  but 
degrades  slightly  for  mode  6.  The  ortnogonality  product  diagonals  for  modes  6  and  7 
between  the  measured  and  updated  analytic  modes  are  greatly  improved  as 
compared  with  the  original  DTA  model.  These  results  indicate  that  accurate  prediction 
of  closely  spaced  modes  can  be  quite  difficult.  Here,  a  6%  change  in  a  substructure 
modal  frequency  produced  a  major  change  in  two  very  closely  spaced  system  mode 
shapes.  The  task  of  predicting  and  identifying  closely  spaced  modes  in  dynamicaliy 
complex  structures  indeed  requires  extremely  accurate  finite  element  models. 


Table  2  Measured  and  Analytic  fp  and  £  for  DTA  Modes  Retained  In  CDM 


1  Mode  # 

Measured 

. 

Updated 

X-odh 

diagonal 

fn  (Hz) 

C  (%) 

fn  (Hz) 

C  (%) 

3 

2.59 

3.9 

2.66 

2.8 

0.9S 

6 

3  30 

5.1 

3.47 

4.2 

0.93 

7 

3.45 

8.7 

3.51 

8.6 

0.95 

8 

3.73 

6.3 

3.70 

4.8 

0.98 

10 

4.56 

5.8 

4.43 

6.0 

0.82 

13 

5.08 

12.0 

4  86 

12.1 

0.97 

15 

5.78 

1.6 

5.85 

2.6 

0.94 

16 

5.82 

2.1 

5.35 

2.5 

0.98 

18 

6.55 

9.5 

6.41 

9.9 

0.99 

19 

8.87 

7.2 

7.27 

6.0 

0  67 

20 

9.20 

7.0 

3.41 

7.1 

0.99 

21 

9.61 

6.4 

9.58 

7.2 

0.93 

(  '■  ' 


Those  observations  indicate  that  DTA  modes  in  the  3  to  4-Hz  range  are  very 
sensitive  to  the  relative  stiffnesses  of  the  box  truss,  tripod,  and  solar  arrays.  Stiffening 
the  box  truss  seems  to  have  improved  correlation,  but  altering  the  tripod  or  solar  array 
models  may  have  similar  effects.  The  DTA  model  with  the  stiffened  box  truss  was  used 
as  the  evaluation  model  for  control  performance  evaluation.  However,  the  original 
DTA  model  was  used  to  design  the  LQG/LTR  control  since  it  was  the  best  available 
moaei  Defore  conducting  the  final  open  loop  modal  survey  in  the  10  actuator  DTA 
configuration. 

LQG/LTR  DESIGN  APPROACH 

Modern  state-space  control  design  techniques  allow  the  analyst  to 
conveniently  mode!  and  analyze  high-order,  multi-input,  multi-output  (MIMO)  systems. 
One  branch  of  modern  control  theory  well  suited  to  the  DTA  vibration  suppression 
problem  is  optimal  LQG  control.  The  LQG  approach  provides  a  framework  in  which 
LOS  jitter  suppression  may  be  traded  against  active  control  effort  to  determine  *h.p 
most  efficient  compensator  design  for  the  required  performance.  The  complete 
LQG/LTR  design  algorithm  utilizes  standard  LQG  design  techniques  (optimal  regulator 
or  estimator  design,  depending  on  the  problem),  and  then  computes  the  companion 
estimator  or  regulator  design  such  that  the  singular  values  of  the  system  loop-transfer 
matrix  approach  those  of  the  full-state  design  case.  This  is  known  as  "recovery"  of 
loop-transfer  functions  (LTF). 

The  LQG  control  structure  is  shown  in  Figure  4.  It  consists  of  a  Kalman-Bucy 
filter  (KBF)  with  gains,  Kf,  designed  to  estimate  the  states  of  a  nominal  plant  model, 
G(s),  and  a  full-state,  I, near-quadratic  regulator,  Kc.  Figure  4  and  the  nomenclature 
used  here  were  taken  from  Reference  7.  Referring  to  Figure  4,  the  following  properties 
for  the  LQG  control  structure  may  be  stated: 

1 )  The  LTF  obtained  by  breaking  the  LQG  loop  at  point  (I)*  is  the  KBF  LTF 
C0>Kf. 

2)  The  LTF  obtained  by  breaking  the  LQG  loop  at  point  (I)  is  GK.  It  can  be 
made  to  approach  COKf  pointwise  in  s  by  designing  the  LQR  in 
accordance  with  a  "sensitivity  recovery"  procedure  due  to  Kwakernaak 
(Ref  8).  This  assumes  G(s)  is  minimum  phase  and  that  m^r. 

3)  The  LTF  obtained  by  breaking  the  LQG  loop  at  point  (ii)'  is  the  LQR  LTF 
KC<PB 

4)  The  LTF  obtained  by  breaking  the  LQG  loop  at  point  (ii)  is  KG.  It  can  be 
made  to  approach  KC<I>B  pointwise  in  s  by  designing  the  KBF  in 
accordance  with  a  "robustness  recovery"  procedure  due  to  Doyle  and 
Stem  (Ref  9)  This  assumes  G(s)  is  minimum  phase  and  that  m  <  r. 
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Compensator  K(s) 


1 


Plant  Model: 

.  _  »  _  n  _  m 

x  =  Ax  +  Bu  +  ^;  x  e  R  ,  u  e  R 

y  =  Cx  +  rj;  y  e  Rr 

satisfies: 

G(sj  =  CO(s)  B 

with: 

O(s)  =  (s  In-  A) 1 

where: 

n  =  number  of  plant  states 
m  =  number  of  plant  inputs 
r  =  number  of  plant  outputs 

q  =  plant  noise  (white,  zero  mean,  random  process) 

r|  =  measurement  noise  (white,  zero  mean,  random  process) 


Figure  4.  LQG  Control  Structure 


As  stated  in  Reference  7,  "The  significance  of  these  four  facts  is  that  we  can 
design  LQG  loop-transfer  functions  on  a  full-state  feedback  basis  and  then 
approximate  them  adequately  with  a  recovery  procedure." 

The  appropriate  approach  for  the  DTA  is  to  design  Kc  via  the  LQR  technique 
and  then  compute  Kf  to  cause  the  singular  values  of  the  loop-transfer  matrix,  KG,  to 

approach  those  of  the  full-state  feedback  case,  KcOB.  The  procedure  for  computing 
the  KBF  gains  is  described  in  Reference  7  and  summarized  below: 

1)  Append  dummy  columns  to  B  and  zero  rows  to  Kc  to  make  COB  and 
KcOB  square  (r  x  r).  COB  must  remain  minimum  pnase. 
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2)  Design  the  KBF  with  modified  noise  intensity  matrices: 

"  E(^T)  B  jMo  ♦  q2BBTj8(t  -  t) 

E(nnT)  =  N05(t  -  t) 

where  M0,  N0  are  the  nominal  noise  intensity  matrices  and  q  is  a  scalar 
parameter. 

Under  these  conditions  (Ref  9): 

( l/q)Kf  -4  BWN0'1/2  as  q  oo 

where  W  is  an  orthonormal  matrix. 


This  calculation  of  Kf  resuits  in: 

K(s)  G(s)  -a  KcOB  as  q  — >  OO 


The  design  procedure  for  a  MiMO  system  involves  calculation  of  Kf  with 
successively  inereacmg  values  of  the  fictitious  plant  noise,  q.  As  q  approaches  infinity, 
the  singular  values  of  KG  will  approach  those  of  KcvB.  However,  the  gains  in  Kf  will 
become  quite  large,  which  is  generally  undesirable.  Thus,  a  designer  wiil  wish  to  use 
the  smallest  q  for  which  the  LTF  of  KG  acceptably  matches  that  of  Kc<t>B  in  the 
bandwidth  of  interest. 


An  extension  of  the  single-input,  single-output  Bode  plot  for  MIMO  systems  is 
the  singular  value  (SV)  Bode  plot.  Comparison  of  SV  Bode  plots  for  KG  and  Kc<t>B  is 
a  g cod  indicator  o?  the  loop-transfer  recovery  achieved  for  a  given  value  of  q. 
Therefore,  SV  Bode  plots  may  be  used  to  determine  the  convergence  of  KG  to  KC<DB 

over  me  bandwidth  of  interest. 


The  des'gri  goal  of  the  LQG/LTR  control  algorithm  for  the  DTA  was  to 
minimize  the  LOS  response  to  slew  commands  and  noise  disturbances  at  known  input 
points.  The  approach  taken  for  application  to  the  DTA  was  to  design  an  optimal 
regulator  based  on  full-state  feedback  and  then  recover  the  loop-transfer  functions  at 
the  disturbance  and  slew  command  input  points.  Thus,  as  discussed  in  Reference  10, 
the  desirable  characteristics  of  the  LQR  full-state  feedback  design  are  recovered  by 
the  estimator. 


Calculation  of  the  LQR  gain  matrix  involves  selection  of  state  and  control 
weighting  matrices,  Q  and  R.  These  required  matrices  were  determined  as  follows: 


where 


LOS 


/LOS-X|_  philosx 
iLOS-Yf  philosy 


;|(Titios" 


phucsx  -  mode  shape  coefficients  defining  LOS  about  X-axis 
phi'csy  =  mode  shape  coefficients  defining  LOS  about  Y-axis 

ri  generalized  modal  coordinates 


CAA-10 


Minimize: 


LOST|q]LOS  +  uT[Ru]=xT[TLOST].rQ|iTLOS]x  +  uT[R]u 
Let: 

R  =  [  (10  x  10) 


TLOS 


[T  L  O  S]  Q 


The  magnitude  of  the  scalar  Q  is  then  varied  to  achieve  the  desired 
performance.  Once  the  desired  LOS  response  is  achieved,  representative 
disturbances  and  maneuvers  are  input  to  the  full  state  feedback  closed-loop 
simulation  to  check  if  actuator  stroke  or  force  constraints  are  exceeded.  If  such  limits 
are  violated,  the  magnitude  of  Q  must  be  reduced,  and  Kc  recomputed. 

After  an  acceptable  LQR  design  is  obtained,  the  KBF  gain  matrix  is 
computed  using  the  LTR  method  previously  described.  The  input  matrix,  B,  used  in 
the  loop-transfer  recovery  procedure  includes  the  control  and  disturbance  input  points. 
Note  that  the  number  of  points  used  (number  of  columns  in  B)  must  be  less  than  or 
equal  to  the  number  of  sensor  measurements  (number  of  rows  in  C).  After  each 

computation  with  a  given  value  of  q,  the  SV  Bode  plots  of  KG  and  KcOB  are 
compared.  Once  convergence  (in  a  qualitative  sense)  is  apparent,  the  control  design 
is  complete. 

Following  several  iterations,  guod  performance  was  achieved  with  a  state - 
weighting  parameter,  O,  of  109.  The  LTR  procedure  was  then  performed  for  varying  q. 
This  process  was  conducted  using  the  matrix  algebra  software  package,  PRO- 
MATLAB.  and  the  Robust  Control  Toolbox  function  "Itru"  (Ref  1 1).  Figure  5  shows  the 
convergence  of  the  SV  Bode  plot  for  three  values  of  q.  The  plots  show  nearly  perfect 
agreement  tor  q  =  10b.  Using  this  value,  the  largest  gain  in  the  KBF  matrix  was  9600, 
which  is  large  but  proved  to  be  acceptable. 

The  closed-loop  frequencies  and  damping  ratios  for  the  initial  LQG/LTR 
design  coupled  to  the  DTA  CDM  are  listed  in  Table  3.  Note  that  the  LTR  procedure 
resulted  in  'everal  overaamped  (real)  po1®0  f er  in  *h--»  left  Heir  njan*'  as  well  as  several 
very  low  frequency  real  poles. 

It  was  necessary  to  remove  the  high-frequency  poles  from  the  design  to 
avoid  aliasing  problems  when  running  the  controller  at  400  to  500  Hz.  Also,  since  the 
0.05-Hz  bi-quad  integrator  poles  were  not  included  in  the  CDM,  the  low-frequency 
compensator  poles  could  couple  with  tne  analog  integrators  used  for  the  inertial 
velocity  measurements  and  cause  stability  problems.  Therefore,  the  compensator 
poles  less  than  0.5  Hz  also  had  to  be  removed  from  the  controller  design. 

in  attempting  to  reduce  the  controller  order,  it  was  found  that  the  low- 
frequency  poles  could  not  be  removed  from  the  compensator  without  causing 
instabilities  when  coupled  with  the  DTA  structural  model.  Therefore,  the  LQG/LTR 
design  was  repeated,  but  with  a  spectral  shift  applied  to  fhe  Kalman  filter  design  such 


i  I 


that  the  filter  poles  were  required  to  be  greater  than  0.5  Hz.  This  procedure  resulted  in 
a  compensator  which  indeed  possessed  no  poles  below  0.5  Hz,  yet  had  performance 
nearly  equivalent  to  the  original  design. 

A  reduced-order  compensator  was  then  obtained  from  the  full-order  design 
by  ‘amoving  compensator  modes  which  had  relatively  small  observability  and 
controllability  as  determined  from  a  balanced  realization  of  the  compensator  formed 
us  mg  the  PRO-MATl  A8  Robust  Control  Toolbox  function,  "obalrea!"  (Ref  1 1).  This 
■'eduction  removed  most  of  the  nigh-frequency  compensator  Doles  and  several  other 
relatively  unimportant  poles.  A  tew  remaining  poles  in  the  100  to  400-Hz  range  were 
removed  wa  a  modal  truncation,  and  the  final  compensator  order  was  cut  to  30  states 
w’th  a  maximum  frequency  near  11  Hz.  figure  6  shows  the  S V  Bode  plot  for  full- state 
re-rzbaoK  full -order  compensator,  and  reduced-order  compensator  designs  Note  that 
♦he  maximum  singular  values  agree  nearly  identically  across  the  three  cases 

In  addition  to  the  30-state  LQG/LTR  compensator,  three  second-order  bi- 
quad  integrators  were  appended  to  the  controller  to  derive  inertial  velocity  from  the 
non  collocated  QA  M00  accelerometer  measurements.  Thus,  the  controi'er 
imoiementod  in  the  Optima, -3  involved  36  states  with  23  inputs  and  1C  outputs.  T he 
Optima’?,  was  able  to  run  the  problem  at  a  cample  rate  of  400  Hz. 


Tabie  3  Initial  DTA  LQG/LTR  Design  Results 
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Figure  5.  DTA  SV  Bode  Plot,  LQG/LTR 
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Figure  5.  SV'  Bode  Plot  Comparing  Full-State  Feedback,  Full-Order  Compensator, 
and  Reduced-Order  Compensator  for  LQG'LTR  Control 


Singular  Values  of  KG 


The  analytic  LOS  frequency  response  function  (FRF)  for  a  slew  commann 
about  the  Y-axis  is  shown  in  Figure  7.  The  four  traces  show  open-loop,  closed-'ono 
fuli-state  feedback,  closed-loop  with  the  reduced-order  state  estimator  designed  using 
L.TR  coupled  to  the  COM,  and  the  same  reduced  order  compensator  coupled  to  .he  M  ; 
Of  \  mode!  The  performance  of  the  reduced-order  compensator  design  on  the  COM 
;s  very  near  that  of  the  full-state  feedback  case,  thereby  showing  the  success  of  the 
LTR  and  reduction  design  process.  The  FRFs  shown  in  Figure  7  indicate  a  7G  to  80'  ■ 
reduction  in  the  root  mean  square  (RMS)  LOS  jitter  level  based  on  response  to  white 
noise  between  2  and  10  Hz.  Another  demonstration  of  the  predicted  centre 
effectiveness  is  seen  in  the  simulated  slew  response  shown  in  Figure  8.  Note  that  due 
to  the  passive  damping  designed  into  the  DTA,  only  a  few  modes  are  significant  in  me 
open  scop  slew  response  The  active  control  system  serves  as  a  high  authority  corfo 
o  v. dually  eliminate  the  response  of  these  modes  Together,  these  FRFs  and  t  me 
mspor.se  show  the  dramatic  vibration  suppression  achieved  by  the  modern  optimal 
equator  design  approach,  and  the  effectiveness  of  combined  passive 'active  centre 


or 


A  drawback  to  the  LQR  method  is  sensitivity  to  modeling  errors.  While  me 
c;r:  can  be  evaluated  for  stability  robustness  and  bandwidth,  actua1  performance 
jq  seriously  degraded  by  differences  between  the  analytic  design  mode;  a  no  the 
structure  Recall  that  two  DTA  models  were  used  in  this  study:  the  pretest  moth 
which  the  COM  was  created,  and  the  evaluation  model,  consisting  of  all  modes 
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russes  analytic  results  for  both  these  models  and  presents  correspc” 

ooed  data. 
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Figure  7.  Analytic  DTA  LOS  About  Y-Axis 
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Figure  8.  Relative  LOS  Slew  Response,  X-Axis 


RESULTS 

Open  and  closed  loop  FRFs  were  measured  using  burst  random  excitation  at 
disturbance  input  points  68Z  and  72Z  (see  Figure  3).  Measurements  were  made  for  all 
the  points  which  participate  in  the  LOS,  and  the  experimental  LOS  FRFs  were 
computed  as  a  linear  combination  of  the  actual  measurements.  Figure  9  shows  the 
experimental  open  and  closed  loop  FRFs  for  the  LOS  about  the  Y-axis  due  to 
excitation  at  point  68Z.  The  somewhat  noisy  closed  loop  response  is  a  result  of  very 
low  amplitude  measurements  being  scaled  by  relatively  large  terms  in  the  LOS 
computation.  The  corresponding  analytic  predictions,  based  on  the  original  DTA 
model  including  all  modes  to  20  Hz,  are  shown  in  Figure  10.  Note  that  while  there  is 
good  qualitative  agreement  between  the  actual  measurement  and  prediction  for  the 
open  loop  DTA,  the  LQG/LTR  closed  loop  LOS  measurement  deviates  significantly 
from  predicted  between  3  and  5  Hz.  The  cause  of  this  error  was,  in  part,  due  to  the  box 
truss  component  model.  When  the  compensator  was  coupled  to  the  updated  DTA 
model,  the  FRF  shown  in  Figure  1 1  resulted.  This  FRF  shows  a  behavior  very  similar 
to  that  observed  in  the  3  to  5-Hz  range.  However,  the  overall  response  suppression  is 
still  less  than  predicted  A  rough  calculation  of  the  actual  RMS  jitter  reduction  achieved 
by  the  control  gives  63%  versus  74%  predicted  using  the  updated  DTA  model. 
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Figure  9  Experimental  LOS  FRF;  LOSY/F68Z 


LOS-Y/F68/.:  LQG/LTR  Sc  Open  Loop  (Original  DTA  Model) 


Figure  10  Predicted  LOS-Y/F68Z;  Original  DTA  Model 
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Figure  11  Predicted  LOS-Y/F68Z;  Updated  DTA  Model 

The  FRFs  at  selected  control  points  demonstrated  additional  problems  with  the 
LQG/LTR  design.  Figure  12  shows  the  FRF  between  72Z  and  CP2,  and  Figures  13 
and  14  show  the  corresponding  analytic  FRFs  using  the  original  and  updated  DTA 
models  respectively.  Note  the  amplification  of  the  closed  loop  FRF  near  6  Hz. 
Apparently,  a  DTA  mode  near  6  Hz  is  being  destabilized  even  though  the  open  loop 
modal  survey  results  indicated  that  the  DTA  flexible  modes  in  this  frequency  range 
were  accurate.  As  shown  by  the  analytic  FRFs,  this  is  not  predicted  by  either  DTA 
model.  Also,  the  control  effectiveness  at  3  Hz  is  much  less  than  predicted.  These 
observations  indicate  that  the  LQG/LTR  design  is  quite  sensitive  to  small  differences 
between  the  CDM  and  actual  structure. 

Finally,  Figure  15  shows  a  measured  free  decay  for  open  and  closed  loop 
operation.  This  trace  was  produced  by  purely  exciting  the  2.6-Hz  mode;  perhaps  the 
most  accurately  predicted  mode  of  the  DTA.  The  LQG/LTR  control  law  did  successfully 
apply  a  great  amount  of  damping  (on  the  order  of  20%  modal  viscous)  to  this  mode. 
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Figure  12  Measured  DTA  FRF;  CP2/F72Z 


DTA  FRF  :  CP2/F72Z,  Original  DTA  Model 


Figure  13  Predicted  DTA  FRF;  CP2/F72Z,  Original  DTA  Model 
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CONCLUSIONS 


The  open  and  closed  loop  resuits  discussed  above  demonstrate  that  closely 
spaced  flexible  modes  can  be  very  dib.cuit  lo  accurately  predict  without  resorting  to 
empirically  based  model  tuning,  it  is  r.oi  surprising  that  the  greatest  degree  of 
disagreement  between  predicted  and  measured  results  occurs  in  bands  with  closely 
spaced  modes.  While  one  source  of  error  was  identified  (box  truss  frequency  6%  low), 
there  are  undoubtedly  many  small  differences  between  the  DTA  model  and  actual 
structure.  While  these  discrepancies  woulc  'yp  caHy  be  considered  insignificant  by  a 
structural  dynamicist,  they  lead  to  somewhat  less  than  predicted  performance  of  a 
sophisticated  high  authority  control  design  such  as  LQG-LTR.  In  fact,  the  control  law 
amplified  the  response  of  even  wall  modeled  modes,  such  as  those  in  the  5  to  7-Hz 
range.  It  must  be  noted  that  the  correlator:  between  the  pretest  DTA  model  and  the 
measured  modes  is  probably  much  better  than  couic!  be  expected  with  an  actual  LSS 
which  would  not  be  tested  until  being  assembled  in  orb  t.  Yet  the  DTA  model  still  fails 
to  predict  critical  performance  problems  when  coupled  to  a  modern  controller.  In  fact, 
the  results  indicate  that  the  control  would  probably  have  been  unstable  without  the 
passive  damping  designed  into  the  DTA. 


"he  qualitative  analysis/test  agree r 
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Figures  9  through  1 1 


serves  to  validate  the  analysis.  A  natural  question  is;  what  if  no  passive  damping  were 
designed  into  the  DTA?  To  answer  inis  an  LGG'LTR  design  was  performed  for  the 
original  DTA  model  with  only  0.2%  wcCa-  viscous  damping  in  all  modes.  As 
demonstrated  by  the  DTA  ring  truss  component  modal  survey  (Ref  5),  and  the 
PACOSS  D-3trut  truss  discussed  in  Reference  12,  this  level  of  damping  would  be 
expected  from  a  tight,  precision  structure  with  no  intentional  damping  designed  in. 
The  results  of  this  design  are  shown  in  Figure  16.  Note  that  the  full-state  feedback 
design  achieves  performance  equivalent  to  that  of  the  damped  DTA  closed  loop 
performance.  However,  when  the  remaining  plant  modes  are  included  in  the  plant 
model,  a  sharp  peak  near  4.5  Hz  is  evident.  This  demonstrates  that  without  passive 
control,  more  modes  must  be  considered  in  the  control  design,  leading  to  higher  order 


controllers  requiring  more  control  hardware 
capability.  Also,  a  higher  order  plant 
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difficult  since  it  is  iterative  in  nature,  requin 


fTKr. 


•  actuators,  sensors)  with  greater 
■  entire  control  design  process  more 
-  insight  from  the  analyst . 


When  coupled  to  the  stiffened  box  t- uss  OTa  nodei.  an  unstable  pole  at  3.5  Hz 
was  present.  So,  with  passive  damping  me  LGGTTR  control  was  marginally 
successful,  and  with  iterations  and  empirical  tuning,  could  probably  be  made  very 
effective.  But  without  significant  iovGs  :■<  passive  damping  designed  into  the 
structure,  tne  sensitivity  of  LQG/LTR  to  pamm  m-r  variations  would  have  lead  to  closed 
loop  instabilities  and  been  very  difficult  to  tune.  These  problems  will  be  present 
whenever  the  controller  bandwidth  oveuars  dose*’/  spaced  flexible  modes. 

In  summary,  an  LQG/LTR  vifanou  su  op  ms:-  an  control  design  was  conducted  for 
a  dynamically  complex,  passive  y  damped  \  stem.  Passive  damping  allowed  many 
structural  modes  to  b~*  removed  fro  "  •  -•?  :  !  model  In  forming  the  CDM.  thereby 

greatly  simplifying  the  design  Gmm.’g:'  only  about  80%  of  the  predicted 

closed  loop  performance  was  achieved  ucs  gn  was  viable  and  did  significantly 
suppress  LOS  vibrations.  Some  s'.rucuwai  dts  were  amplified,  but  the  relatively 


high  passive  damping  designed  into  the  structure  maintained  stability.  The  results  of 
this  experiment  demonstrate  that  if  high  bandwidth,  high  authority  modern  control 
algorithms  are  to  be  successfully  applied  to  LSS,  passive  damping  must  be  designed 
into  the  LSS  from  the  start. 


LQG/LTR  Applied  to  DTA  with  zet?  =  0.002 


Figure  16  LQG/LTR  Design  with  Nominally  Damped  DTA  (zeta  =  0.002) 
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Abstract 

This  paper  presents  an  application  of  an  ?fl0O  design  technique  to  the  active 
control  of  a  passively  damped  large  space  structure  test  article.  An  active  vibration 
suppression  compensator  was  designed  for  the  Passive  and  Active  Control  of  Space 
Structures  (PACOSS)  Dynamic  Test  Article  (DTA)  using  the  'Hx  technique.  Ana¬ 
lytic  studies  indicate  passive  damping  of  the  structure  results  in  reduced  sensitivity 
to  variations  in  plant  structural  modes  for  a  given  level  of  performance. 

The  control  problem  was  to  reduce  the  X  and  Y  Line-of-Sight  (LOS)  pointing 
errors  caused  by  defonnation  of  the  structure  due  to  vibration.  External  disturbances 
at  four  locations  along  the  DTA  excite  the  vibrational  modes  of  the  structure,  result¬ 
ing  in  LOS  errors.  Passive  damping  elements  designed  into  the  structure  result  in 
open-loop  damping  ratios  ranging  from  0.12  to  0.02.  Active  suppression  of  struc¬ 
tural  modes  is  accomplished  using  10  proof-mass  actuators  located  on  the  structure. 
Sensors  for  active  control  provide  20  colocated  inertial  and  relative  velocity  mea¬ 
surements  as  well  as  3  noncolocatcd  inertial  velocity  measurements  at  locations 
along  the  structure. 

The  Hoc  approach  allowed  the  integration  of  performance  requirements,  robust¬ 
ness  requirements,  and  other  design  constraints  into  the  design  problem.  Explicit 
presentation  of  model  uncertainties  was  important  in  achieving  a  closed-loop  sys¬ 
tem  insensitive  to  plant  variations  typical  of  (light  hardware. 

Implementation  of  the  resulting  controller  on  the  DTA  structure  provided  exper¬ 
imental  verification  of  closed-loop  system  stability  and  performance  in  the  presence 
of  model  errors  typical  of  test  verified  structures  possessing  high  modal  density. 

An  investigation  of  the  relationship  between  the  aettv"  control  and  passive  damp¬ 
ing  indicated  that  passive  damping  was  instrumental  in  achieving  performance  and 
reduced  sensitivity  to  structural  mode  uncertainty.  Passive  damping  of  lire  structure 
also  aided  in  reduction  of  the  controller  order  for  hardware  implementation. 


'Performed  under  Air-Force  contract  F336154  a-C-3222 
'P  O.  Box  179,  Denver,  Colorado  X0201.  (303)  977-4164 


1  Introduction 


Future  scientific,  commercial  and  military  objectives  in  space  will  require  construction 
of  Large  Space  Systems  (LSS).  Proposed  operational  performance  objectives  for  these 
large  structures  include  stringent  pointing  accuracies,  fast  repositioning  and  short  settling 
times.  LSS  will  necessarily  be  lightweight  and  exhibit  a  dense,  low-frequency  modal 
spectrum  w-ith  significant  content  within  the  control  bandwidth. 

Passive  and  active  control  methods  wili  likely  play  important  roles  in  achieving  perfor¬ 
mance  requirements  for  future  LSS  missions.  The  complexity  of  LSS  structural  dynamics 
often  result  in  significant  model  inaccuracies.  Attempts  to  control  similar  large  systems 
through  purely  active  means  have  often  produced  disappointing  results. 

The  Dynamic  Test  Article  (DTA)  is  a  ground  test  experiment  designed  and  built  as 
part  of  the  Passive  and  Active  Control  of  Space  Structures  (PACOSS)  program.  The 
PACOSQ  program  was  initiated  to  investigate  solutions  to  control-structure  interaction 
problems  by  combining  passive  damping  approaches,  designed  into  the  structure,  with 
active  control.  The  DTA  was  designed  as  a  haruware  validation  experiment  to  simulate 
a  large  pointing  system  and  contains  seven  substructures  representative  of  future  LSS. 

This  report  describes  the  application  of  the  design  method  to  the  active  control 
of  the  DTA  large  space  structure  experiment.  Passive  damping  elements  designed  into 
the  structure  provide  increased  open-loop  structural  damping  and  vibration  suppression. 
Active  control  is  used  to  futher  reduce  pointing  errors  due  to  vibrations  present  in  the 
passively  damped  DTA  structure. 

The  Hr*,  approach  allowed  integration  of  performance  requirements,  robustness  re¬ 
quirements,  and  other  design  constraints  into  the  design  problem.  Representations  of 
model  uncertainty  are  used  to  reduce  the  sensitivity  ( f  the  closed-loop  design  to  model 
inaccuracies.  Uncertainties  within  the  control  bandwidth  prevent  the  cancellation  of  plant 
dynamics  by  compensator  zeros,  resulting  in  a  design  which  is  less  sensitive  to  model 
errois.  The  resulting  design  is  less  sensitive  to  model  errors  typical  of  flight  hardware. 

Implementation  of  the  active  controller  on  the  DTA  structure  provided  experimental 
verification  of  closed-loop  system  stability  arid  nerformance  in  the  presence  of  model 
errors  typical  of  test  verified  structures  with  high  modal  density.  Tests  results  are  given 
in  the  form  of  frequency  responses  and  time  response  functions  and  show  good  agreement 
to  analytic  predictions  for  the  final  design. 

An  analytical  study  was  performed  to  investigate  the  relationship  between  the  active 
control  and  passive  damping.  Results  indicate  that  passive  damping  was  instrumental  in 
achieving  performance  and  reduced  sensitivity  to  structural  mode  uncertainty.  Passive 
damping  of  the  structure  also  aided  in  reduction  of  the  controller  order  for  hardware 
implementation. 

The  algorithm  used  to  solve  the  H  control  problem  is  from  the  MATLAB  Robust 
Control  Toolbox,  and  is  described  in  Refercnve  i 4 ] .  An  excellent  tutorial  description  and 
overview  of  FL.  based  control  design  is  provided  by  Maciejowski  |3|. 


Figure  1:  Dynamic  Test  Article 


2  PACOSS  Dynamic  Test  Article  (DTA) 

Figure  1  is  a  picture  of  the  DTA.  The  DTA  is  a  ground  based  structure  for  experimental 
validation  of  control  design  approaches  applicable  to  LSS.  The  DTA  is  designed  to 
simulate  a  large  pointing  system.  The  control  objective  is  to  minimize  the  effect  of 
disturbances  on  the  pointing  accuracy  of  the  structure.  The  pointing  accuracy  is  defined 
in  terms  of  the  relative  alignment  of  selected  points  on  the  lower  truss  structure  and  the 
secondary  mirror  structure  on  top  of  the  tripod.  The  DTA  is  composed  of  7  substructures 
which  represent  the  following  real  structures:  the  lower  ring  truss  represents  a  structural 
‘hardback’  for  the  system.  The  lower  box  truss  structure  is  a  support  structure  intended 
for  a  large  primary  optical  surface.  The  tripod  system  is  intended  to  support  a  secondary 
mirror.  The  dish  antenna  is  a  communications  antenna  and  the  linear  truss  is  to  support 
sensitive  equipment.  Large  side-panels  represent  two  solar  arrays. 


2.1  Dynamic  Description  of  DTA 

The  structure  is  symmetric  about  an  axis  ninning  between  the  dish  antenna  and  the  linear 
trus  >  and  contains  39  modes  below  10  Hz.  Of  these  nunies  6  are  associated  with  the 
suspension  mechanism  for  supporting  the  structure,  10  are  associated  with  the  actuators 
(each  actuator  is  modeled  as  a  2n<l  order  system),  and  23  are  structural  modes.  Many 
higher  frequency  structural  modes  exist  in  the  system  which  are  not  included  in  the  model. 
The  structure  was  designed  with  passive  damping  elements  to  provide  increased  damping 
of  the  structural  modes.  Damping  ratios  of  the  structural  modes  range  from  0.01  to  0.12. 
Similar  large  structures  without  passive  damping  have  damping  ratios  less  than  0.01. 


The  10  actuators  are  proof- mass  actuators,  with  a  f  i.O  inch  stroke.  Two  actuators 
are  located  on  the  tripod,  six  on  the  lower  ring  truss  structure  and  two  on  the  box  truss 
structure.  These  actuators  work  well  for  vibration  suppression;  however  since  they  rely 
on  the  acceleration  of  a  sliding  mass  to  generate  actuation  force,  they  are  only  effectiv e 
within  a  bandpass  frequency  range. 

Each  actuator  has  two  sensors  colocated  with  it  One  is  and  accelerometer,  filtered  to 
measure  inertial  velocity,  and  the  other  measure  >  relative  velocity  between  the  structure 
and  the  proof-mass  of  the  actuator.  In  addition  to  the  20  colocated  sensors,  there  are 
three  noncolocated  accelerometers  with  ouput  tittering  to  measure  inertial  velocities,  one 
located  on  each  of  the  two  solar  arrays,  and  one  on  the  linear  truss. 


2.2  Linear  Model  of  DTA 

A  Linear  Time-Invariant  (LTD  mode!  of  the  I )  i  A  was  developed  from  a  finite  element 
analysis  and  verified  with  extensive  modal  testing  of  the  assembled  structure.  The  mode! 
formed  the  basis  for  the  controller  design  and  is  more  accurate  than  would  typically  be 
available  for  flight  hardware. 

The  DTA  structure  contains  nuxlcs  beyond  10  11/.  which  have  been  truncated  from 
the  model.  In  addition  to  the  sensor  outputs,  the  model  has  two  design  outputs.  The 
design  outputs  are  A  and  V  axis  Line-of-Sight  (l.OS)  pointing  errors.  The  LOS  output 
are  measurements  of  the  relative  alignment  lx* tween  the  lower  optical  surface  and  the 
secondary  mirror  structure.  The  )  axis  error  is  measured  along  an  axis  aligned  with 
the  axis  of  symmetry  of  the  structure.  The  Y  axis  error  is  measured  relative  to  an  axis 
perpendicular  to  the  )  axis  and  passing  through  the  center  of  the  solar  array  panels. 

Vibrational  modes  of  system  are  excited  In  4  disturbance  inputs  located  on  the  box 
truss  structure.  Of  the  23  structural  modes,  only  12  affect  the  sensor  measurement 
outputs  or  the  LOS  outputs.  The  nuxlei  used  m  the  active  control  design  contained  only 
12  structural  modes  and  had  a  total  of  2k  dynamic  nuxlcs. 

Figure  2  shows  the  maximum  singular  vah;-  of  the  DTA  nuxlei  frequency  response 
from  the  4  disturbance  inputs  to  each  of  the  A  and  »  LOS  errors.  The  effect  of  passive 
damping  elements  on  vibration  suppression  is  apparent  from  these  plots,  l  ew  sharp 
resonant  peaks  characteristic  of  the  response  of  an  undamped  structure  are  present. 

3  Design  Problem 

The  design  problem  facing  the  control  engineer  ..an  be  described  as  achieving  the  best 
trade-off  between  a  set  of  performance  requirements,  design  constraints,  and  sensitivity  of 
the  system  to  model  uncertainties  4 he  primary  performance  requirement  for  the  closed- 
loop  system  is  to  minimize  die  relative  LOS  ciror  m  both  the  A  and  )  axes  resulting 
from  disturbances  Disturbances  acting  •>:,  the  mixture  are  in  the  frequency  range  from 
1  10  Hz. 
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l-'igure  2:  Maximum  Singular  Values  of  the  Response  from  the  Disturbance  Inputs  to  the 
V  and  )  Axis  LOS  Errors  for  the  DTA  Model. 

Design  constraints  and  model  uncertainties  are; 

•  actuator  displacement  limited  to  ±1.1)  inches, 

•  unmodeled  high  frequency  modes  above  10  Hz, 

•  5‘7<  uncertainty  in  structural  muxle  frequency, 

•  20 (7(  uncertainty  in  structural  mode  damping. 

Additional  constraints  are  related  to  the  implementation  of  the  controller.  The  con- 
trolle:  must  be  digitally  implemented  at  a  sample  rate  of  2X0  Hz.  The  maximum  size  of 
the  compensator  is  limited  to  5X  states. 

4  Synthesis  Model 

Multivariable  control  design  with  modern  techniques  involves  formulation  of  design  per¬ 
formance  objectives  and  other  requirements  in  the  form  of  a  synthesis  model.  The  syn¬ 
thesis  model  includes  the  rmxiei  of  the  piant  dynamics  with  control  inputs  and  sensor 
outputs  along  with  additional  inputs  and  outputs  which  are  important  in  the  design.  De¬ 
sign  weighting  functions  on  selected  pi.  at  inputs  and  outputs  are  augmented  with  the 
plant  model  to  form  the  synthesis  model. 


With  Hoc  design,  performance  requirements,  design  constraints  and  representation-, 
of  model  uncertainties  must  be  included  in  the  synthesis  model.  Model  uncertainties  may 
be  represented  as  7 Tx  -norm  criteria  based  on  the  small  gain  theorem.  Development  oi 
the  synthesis  model  for  'H  v  design  is  discussed  by  Boyd  j  1 ). 

The  Hx.  synthesis  model  for  the  DTA  control  design  is  a  transfer  matrix  represented  by 
/*(.<).  Inputs  to  P(s)  are  separated  into  a  vector  of  control  inputs,  u(a),  and  the  exogenous 
input  vector,  u’(,s).  The  vector  ir(. s)  includes  disturbances,  and  fictitious  design  inputs 
for  representing  model  uncertainty.  Outputs  of  the  synthesis  model  are  separated  into  a 
vector  of  measured  feedback  signals,  y  (.■>),  and  the  regulated  output  vector,  The 

vector  z(s)  contains  the  performance  criteria  outputs  and  outputs  which  define  constraints 
on  the  closed-loop  system. 

4.1  Performance  Objectives  and  Constraints 

The  primary  performance  requirement  for  the  DTA  is  to  minimize  the  LOS  error  resulting 
from  the  external  disturbances.  This  can  be  expressed  as  minimizing 

7f[ //,  , ,1  i.c ')].  'll 

where: 

H (s)  is  the  closed-loop  transfer  matrix  of  the  plant  and  controller, 
cLos.  is  an  output  vector  containing  V  and  )  LOS  errors, 

<i  is  a  vector  of  disturbance  inputs, 

7f\ j  signifies  the  maximum  singular  value. 

The  performance  criteria  may  be  represented  as  a  weighting  function  II  s(>!  on  the 
design  output  <I()s(>)-  Let  IL,!")  be  a  diagonal  uanslcr  function  matrix: 


where: 

ir,t(s)  is  a  transfer  function  weigfumg  for  A  axis  LOS  error, 
ir,  (,s)  is  a  transfer  function  weighting  for  )  axis  LOS  error. 

Idle  H  ,  design  criteria  for  pertornancc  is  to  find  a  controller  such  that: 

'  l  L  J  >  I  il  _ i  .s  1 1 ;  .  •  | 

which  implies. 
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Figure  3:  Magnitude  plot  of  w~  1  weighting  functions. 


where: 

e,n.  is  the  X  axis  LOS  error, 

L°sx 

e,n  .  is  the  Y  axis  LOS  error. 

By  reducing  |i«7i'(s)|  and  |t<r'(.s)|  one  can  find  the  controller  which  minimizes  the  LOS 
error. 

A  constraint  on  actuator  control  activity  is  included  in  the  synthesis  model  by  limiting 
the  closed- loop  response  from  disturbances  d(s)  to  the  controller  output  u(s).  The  proof- 
mass  actuators  are  only  capable  of  providing  force  over  a  limited  bandwidth.  To  account 
for  this  physical  constraint,  the  closed-loop  response  is  restricted  to  be  ‘band-pass’  over 
the  effective  frequency  range  of  the  actuators.  This  is  accomplished  through  the  weighting 
function  Ufl(s)  on  the  closed-loop  control  vector  u(s). 


\VH(s)  - 


uy,(s) 

0 


0 


?iv10(.s)  J 


(6) 


where: 

uvt(.s)  is  a  transfer  function  weighting  on  the  ith  controller  output. 

in  theory'  each  of  the  controller  outputs  could  be  individually  weighted.  As  a  simpli¬ 
fication  an  identical  weighting  is  used  on  each  of  the  outputs.  Figure  3  is  a  plot  of  the 
magnitude  of  the  w~l  transfer  functions. 

The  Ho,  design  constraint  is  to  find  t  controller  such  that: 

11"  M-s )//».•;( •‘Ol Lx  <  L  (") 


where: 


llud(s)  is  the  closed  loop  transfer  matrix  from  the  disturbance  input  vector 
d,  to  the  controller  output  vector  ti. 

The  disturbances  d(s)  form  the  design  criteria  input  vector  icc(s)  which  is  included 
in  the  exogenous  input  vector  w(s).  The  outputs  of  lUs(.s)  and  \VR(s)  form  the  design 
criteria  output  vector  2c(.-i)  which  is  included  in  the  design  output  vector  c(. s)  of  the 
synthesis  model. 

4.2  Representation  of  Model  Uncertainty 

The  block  diagram  in  Figure  4  shows  the  DTA  model  separated  into  a  ladder  structure. 
Model  uncertainties  are  represented  by  A  blocks  at  several  locations  in  the  nominal  model. 
The  block  Aadd  represents  unmodeled  high  frequency  (>  10  Hz)  structural  dynamics  in 
the  form  of  an  additive  uncertainty  across  the  plant.  The  legend  of  Figure  4  indicates  the 
types  of  uncertanties  represented  by  each  of  the  A  blocks. 

DTA  model  uncertainties  shown  in  Figure  4  must  be  represented  in  the  synthesis 
model.  Model  uncertainties  may  be  represented  as  -norm  criteria  based  on  the  small 
gain  theorem.  Uncertainties  shown  in  Figure  4  may  be  grouped  into  a  single  block 
diagonal  structure  represented  by  A(s).  The  uncertainty  block  A(s)  is  normalized  by 
scaling  gains  at  the  plant  inputs  and  outputs  such  that 

HA(s)||oc  <  I-  («) 

Figure  5  is  a  block  diagram  showing  the  relationship  between  the  synthesis  model 
P(s),  the  block-diagonal  uncertainty  matrix,  A(s)  and  the  controller  F(s).  The  input 
vector  zA  to  A  is  included  in  the  z  vector  of  regulated  outputs  of  the  synthesis  model. 
The  output  vector  to  A  is  part  of  the  exogenous  input  vector,  w ,  of  the  synthesis 
model.  From  the  ‘small  gain  theorem’  if  a  controller  is  found  such  that 

l|//*«..(s)|!ec  <  1,  (9) 

where: 

Hzw  is  the  closed-loop  transfer  matrix  from  w  to  c, 
then  the  closed  loop  system  will  be  stable  for  all  possible  plant  variations  represented  by 
A  Maciejowski  [3]  and  Doyle  [2]  provide  more  detail  in  modeling  of  uncertainty  and 
representation  by  the  small  gain  theorem. 

The  synthesis  model  for  the  DTA  contains  a  simpler  set  of  plant  uncertainties  than 
shown  in  Figure  4.  This  simplification  is  motivated  by  the  overconstrained  nature  of  the 
complete  7i.x.  design  problem.  The  H  x  problem  results  in  a  closed-loop  system  with 

H //-,(> )!U  <  1.  (10) 

By  using  the  H ,»  norm  from  ?r  to  c  as  the  design  criteria,  the  diagonal  structure  of  A 
is  ignored.  The  uncertainty  A  is  taken  to  be  a  fully  coupled  matrix.  As  the  size  of 
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Figure  4:  Block  Diagram  of  the  DTA  Plant  Model  Showing  Representation  of  Uncer 
tainty. 


Figure  5:  Closed- loop  system  of  synthesis  model  and  controller. 


Figure  6:  Complete  Synthesis  Model  for  Final  H <*>  Design 

the  matrix  A  increases,  the  potential  for  introducing  conservativeness  into  the  design 
increases. 

An  initial  control  design  for  the  DTA  used  a  synthesis  model  which  did  not  include 
the  plant  model  pole  uncertainties  represented  by  A/.,.  This  initial  design  was  found  to  be 
sensitive  to  variations  in  the  plant  dynamics.  The  initial  control  design  was  particularly 
sensitive  to  the  18th  and  19th  design  model  structural  mode  pole  locations.  Addition  of  a 
feedback  uncertainty  representation  Apu  from  the  LOS  error  outputs  to  the  control  inputs 
reduced  the  sensitivity  of  the  closed-loop  design  to  the  plant  dynamics. 

Additional  insensitivity  to  the  18th  and  19th  design  model  modes  at  3.47  Hz  and 
3.51  Hz  was  obtained  by  including  uncertainty  representations  for  these  modes  as  shown 
in  Figure  4.  The  final  uncertainty  representation  resulted  in  a  controller  with  sufficient 
insensitivity  to  plant  variations. 

4.3  Final  Design  Synthesis  Model 

Figure  6  is  a  block  diagram  of  the  final  synthesis  model  containing  the  design  model, 
performance  objectives,  design  constraints  and  uncertainty  representations.  Weighting 
functions  wtx(s)  and  w,y(s)  are  constant  gains.  The  weighting  functions  wrt(»)  are  3r<1 
order  transfer  functions  with  magnitude  gain  shown  in  Figure  3. 

The  gain  block  AAa  is  a  diagonal  scaling  block  on  the  input  associated  with  the 
additive  uncertainty.  A>  is  a  diagonal  scaling  matrix  associated  with  the  uncertainties 
Af18  and  Af19  on  the  18"'  and  19,h  mode  pole  locations.  A>u  is  a  diagonal  scaling  block 
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LOS  Errors 


Control  Responses 


Figure  7:  Singular  Values  of  the  Closed-Loop  Responses  to  Disturbances. 

associated  with  the  feedback  uncertainty  block  Afu. 

The  design  process  involves  iterating  on  the  selection  of  the  design  weightings  and 
scaling  gains  to  obtain  a  satisfactory  trade-off  between  performance  requirements,  design 
constraints  and  sensitivity  to  model  uncertainties. 

The  final  synthesis  model  was  86<h  order,  with  a  w  input  vector  of  dimension  of 
39  and  2  output  vector  dimension  of  12.  The  resulting  controller  was  also  86th  order. 
The  size  of  the  controller  was  reduced  to  the  maximum  allowable  of  58th  order  using 
balanced- truncation  model  reduction. 


5  Analysis  and  Experimental  Implementation 

Figure  7  shows  the  closed-loop  LOS  errors  for  the  A'  and  Y  axes  and  the  control  responses 
to  disturbances.  Vibration  suppression  is  improved  over  the  open-loop  system  by  a  factor 
of  8  in  the  X  axis  LOS  error  and  a  factor  of  5  in  Y  axis  LOS  error.  The  original  goal  was 
to  achieve  a  factor  of  10  improvement  over  the  open-loop  structure.  However  the  initial 
controller  designs  were  sensitive  to  the  18th  and  19lh  design  model  mode  locations.  The 
design  objective  was  relaxed  to  obtain  a  factor  of  5  improvement  in  LOS  error,  and  to 
reduce  the  sensitivity  of  the  closed-loop  system  to  variations  in  the  18th  and  19lh  modes. 
Table  1  is  a  table  showing  the  sensitivity  of  the  closed-loop  system  to  variations  in  the 
18,h  and  19th  mode  frequencies  for  the  final  design. 

The  7fx  designed  controller  was  discretized  using  a  zero-order- hold  approximation, 
and  implemented  on  a  real-time  controller  running  at  280  hz.  The  closed  loop  system 
was  excited  through  the  disturbance  inputs  and  the  sensor  output  data  recorded.  This 
data  was  used  to  reconstruct,  off-line,  an  estimate  of  the  magnitude  response  from  a 
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Table  1:  Allowable  Range  in  Frequency  of  18th  and  19th  Mode  For  Closed-Loop  Stability. 


Allowable  Variation 

18  th  Mode 

19th  Mode 

%  increase 

69.5  % 

oo 

%  decrease 

78.4  % 

90.4  % 

Y  Axis  Analytic 


Y  Axis  Experimental 


Figure  8:  Comparison  of  Analytic  Prediction  of  Y  Axis  LOS  Error  to  Experimental 
Reconstruction. 

single  disturbance  input  to  the  X  and  Y  LOS  outputs.  Figure  8  compares  the  analytic 
prediction  and  the  experimentally  reconstructed  Y  axis  LOS  error  response  to  a  single 
disturbance.  At  low  frequencies  the  experimental  reconstruction  is  corrupted  by  noise 
due  to  low  amplitude  signals  with  large  relative  contributions  to  the  LOS  error.  However 
from  about  3-10  Hz  the  analytic  and  experimental  results  show  good  agreement.  A  factor 
of  5  improvement  in  LOS  error  attenuation  is  seen  for  the  dominant  open-loop  peak  at 
6  Hz. 

Figure  9  compares  the  open  and  closed  loop  time  response  of  an  accelerometer  on  the 
structure  to  a  disturbance  input.  Here  the  effectiveness  of  the  controller  in  attenuating 
disturbances  is  clearly  evident.  A  low  frequency  suspension  mode  (not  controlled)  is 
visible  in  the  time  response  of  Figure  9. 
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Figure  9:  Open  and  Closed-Loop  Time  Response  of  an  Accelerometer  Output  on  the 
DTA  Structure  to  an  Impulse  Disturbance  Input. 


6  Contribution  of  Passive  Damping  to  Control 

The  DTA  structure  was  designed  and  constructed  with  passive  damping  elements  for  vi¬ 
bration  suppression.  Typical  LSS  designed  without  passive  damping  have  modal  damping 
ratios  significantly  less  than  for  the  DTA.  An  analytic  study  on  the  contribution  of  passive 
damping  to  the  performance  of  the  active  control  is  described  in  this  section. 

A  representative  ‘undamped’  model  of  the  DTA  structure  without  passive  damping 
was  developed  based  on  typical  modal  damping  present  in  LSS.  The  active  controller  was 
redesigned  for  the  undamped  structure  using  the  same  design  criteria  as  for  the  passively 
damped  structure.  Comparisons  of  the  passively  damped  and  undamped  designs  provide 
a  basi‘  for  evaluating  the  importance  of  passive  damping. 


6.1  Representative  Undamped  Structural  Model 

Modal  damping  ratios  for  the  DTA  structure  with  passive  damping  range  from  0.023  to 
0.121.  An  analytic  model  of  a  DTA  structure  without  passive  damping  was  obtained 
by  reducing  the  structural  mode  damping  ratios  to  0.002.  a  value  determined  from  mea¬ 
surements  of  the  undamped  ring  truss  component.  Modal  displacements  and  frequencies 
were  not  changed  for  the  undamped  model  Figure  10  is  a  plot  of  the  maximum  singular 
values  of  the  frequency  response  from  th  ■  disturbance  inputs  to  each  of  the  X  and  Y 
LOS  error  outputs. 

The  frequency  response  tor  the  undamped  model  is  significantly  different  from  the 


Figure  10:  Maximum  Singular  Values  of  the  Response  from  Disturbance  Inputs  to  X  and 
Y  LOS  Error  Outputs  for  the  Undamped  DTA  Model. 

DTA  model  with  passive  damping  (Fig.  2).  The  undamped  model  frequency  response  has 
many  sharp  resonance  and  anti-resonance  peaks  resulting  from  the  decreased  structural 
damping.  In  addition,  the  undamped  model  shows  significant  structural  response  up  to 
10  Hz  whereas  the  passively  damped  DTA  shows  less  response  at  these  higher  structural 
frequencies. 

6.2  Control  Redesign  for  Undamped  Structure 

The  analytic  DTA  model  without  passive  damping  was  used  to  redesign  the  H <*,  controller. 
With  the  exception  of  the  DTA  plant  model,  the  synthesis  model  was  unchanged  from 
the  final  control  design.  Synuiesis  model  weighting  functions  were  the  same  as  in 
the  final  design  for  the  passively  damped  structure. 

A  sensitivity  analysis  of  the  redesigned  compensator  revealed  significantly  greater 
sensitivity  to  the  18th  and  19th  design  model  mode  pole  locations  than  for  the  passively 
damped  system.  Table  2  gives  a  comparison  of  the  allowable  independent  variations  in 
frequencies  for  the  passively  damped  system  versus  the  system  without  passive  damping. 
The  passively  damped  system  can  tolerate  a  large  increase  in  the  frequency  of  the  19"’ 
mode,  while  a  variation  of  less  than  +1.0%  in  frequency  of  the  same  mode  will  result  in 
an  unstable  design  for  the  undamped  system. 

The  Hoo  compensator  resulting  from  the  undamped  model  had  two  unstable  modes 
which  could  not  be  reduced.  Unstable  compensators  are  generally  undesireable  due  to 
the  difficulties  in  implementation. 
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Table  2:  Mode  Frequency  Tolerances  for  Control  Designs 


Allowable  Frequency  Variation 

18,l>  mode 

19'1'  mode 

Passively  Damped  System 

+69.5%, -78.4% 

+oo,  —90.4% 

Undamped  System 

+48.8%  -  77.6% 

+0.5%,  -42.0% 

Controller  order  reduction  for  the  active  controller  was  affected  by  the  absensce 
of  passive  damping  in  the  analytic  plant  model.  Balanced  model  truncation  of  the  'H00 
control  designs  to  58  states  resulted  in  a  total  magnitude  error  bound  of  0.1628  for  the 
compensator  with  passive  damping  compared  to  0.2968  for  the  compensator  without 
passive  damping.  Reduction  of  the  undamped  system  compensator  to  approximately  the 
same  total  error  resulted  in  a  controller  with  61  states. 

To  evaluate  the  influence  of  passive  damping  on  controller  performance,  the 
controller  for  the  undamped  model  was  redesigned  to  recover,  in  part,  the  sensitivity 
margins  of  the  7 Lf(X)  controller  for  the  passively  damped  system.  The  LOS  error  perfor¬ 
mance  bound  (i.e.  VLf 1  (.s ))  was  relaxed  by  a  factor  of  two  for  the  undamped  DTA  model. 
The  uncertainty  input  gains  were  increased  uniformity  to  minimize  the  sensitivity  of  the 
undamped  closed-loop  system  to  the  mode  pole  locations  of  the  model. 

The  full-order  compensator  was  86  states  for  both  the  passively  damped  and 
undamped  DTA  models.  Figure  1 1  shows  frequency  responses  to  the  LOS  errors  and 
control  feedback  from  the  disturbance  inputs  for  the  closed  loop  full-order  design  without 
passive  dumping.  Both  the  LOS  performance  and  control  activities  are  similar  to  those 
of  the  passively  damped  system. 

The  structural  mode  frequencies  of  the  passively  damped  and  undamped  models  were 
perturbed  by  equal  amounts  of  less  than  10%  of  their  nominal  values.  Figures  12  and 
13  show  a  comparison  of  the  LOS  error  response  to  disturbances  for  both  the  passively 
damped  and  undamped  closed-loop  systems.  Clearly,  from  Figure  12,  the  sensitivity 
of  the  undamped  system  is  still  greater  than  for  the  passively  damped  system.  For  the 
same  frequency  perturbations  the  passively  damped  design  meets  the  original  performance 
bound  while  the  undamped  design  violates  even  the  relaxed  performance  requirement. 
The  peak  response  of  the  LOS  error  is  roughly  two  orders  of  magnitude  greater  tor  the 
undamped  system  as  for  the  passively  damped  system. 


7  Conclusions 

An  design  approach  was  applied  to  the  active  control  of  a  passively  damped  large 
space  structure  test  article.  Performance  objectives,  design  constraints,  and  model  uncer¬ 
tainties  are  directly  included  in  the  design  process.  Representation  of  model  uncertainties 
was  used  to  achieve  designs  which  were  insensitive  to  plant  model  variations. 
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Figure  11:  Singular  Values  of  the  Closed-Loop  Responses  to  Disturbances  for  the  Un¬ 
damped  Woo  Design. 


Passively  Damped  System  Undamped  System 


Figure  12:  Singular  Values  of  the  Closed-Loop  Responses  to  Disturbances  for  the  Pas¬ 
sively  Damped  and  Undamped  Woo  Designs  with  Perturbed  Models. 
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Figure  13:  Closed-Loop  Time  Responses  to  Disturbances  for  the  Passively  Damped  and 
Undamped  Designs  with  Perturbed  Model. 

Analytical  studies  into  the  effects  of  the  passive  damping  on  the  active  control  de¬ 
sign  reveal  that  the  presense  of  passive  damping  decreases  the  sensitivity  of  the  active 
controller  to  model  errors  and  allows  for  improved  performance.  Furthermore,  active 
control  designs  for  the  passively  damped  structure  were  found  to  be  easier  to  reduce  as 
compared  to  designs  for  the  model  without  passive  damping. 

Hardware  implementation  of  the  active  control  design  provided  experimental  verifi¬ 
cation  of  the  design  results.  Analytical  prediction  showed  good  agreement  to  results  from 
the  test  data. 
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Abstract 


The  control-structure  interaction  of  a  flexible  structure,  namely  a  cantilever  beam,  and  a  reaction 
mass  actuator  (RMA)  is  investigated.  Mathematical  model,  in  the  form  of  differential  equations 
and  transfer  functions,  is  obtained.  The  study  is  broken  into  two  steps:  (1)  open  loop  and  (2) 
closed  loop.  Within  the  open  loop  part,  the  RMA  is  broken  into  two  sub-steps:  (a)  dead  RMA  and 
(b)  passive  RMA.  In  the  closed  loop  part,  negative  feedback  of  the  beam  tip  velocity  is  used  for 
active  RMA.  Transient  responses  and  root  loci  are  given. 
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Introduction 


The  system  under  consideration  is  a  cantilever  beam  with  a  RMA  (reaction  mass  actuator),  also 
called  PMA  (proof  mass  actuator)  attached  to  the  tip  of  the  beam  (Figure  1).  The  RMA  consists  of 
two  mechanical  components:  the  magnet-shaft  assembly  of  mass  m  and  the  housing  of  mass  mi,. 
When  the  magnet-shaft  assembly  is  fixed  to  the  housing,  the  RMA  is  called  "dead  RMA,"  and 
when  the  assembly  is  free,  is  is  called  "passive  RMA.”  When  the  control  loop  is  closed,  the  RMA 
is  called  "active  RMA."  The  control-structure  interaction  (CSI)  of  this  electromechanical  system 
will  be  analyzed  in  the  following  steps: 

1)  Open  loop 

a)  Dead  RMA.  The  simplest  model  is  a  single-degree-of-freedom  (SDOF)  system.  The 
undamped  natural  frequency  is  determined,  and  the  beam  tip  response,  which  is  obtained 
experimentally,  is  presented. 

b)  Passive  RMA.  The  simplest  model  is  a  two-degree-of-freedom  (TDOF)  system.  The 
undamped  natural  frequencies  are  determined,  and  the  beam  tip  response  which  is  obtained 
experimentally,  is  presented. 

2)  Closed.  ! OOP 

Active  RMA.  The  velocity  of  the  beam  tip  is  used  for  negative  feedback.  The  control- 
structure  interaction  is  investigated.  The  transient  responses  and  root  loci  are  shown. 

System  Dynamics 

1)  Qpea.  Lqqp 

The  governing  differential  equation  of  the  beam,  using  Euler-Bemoulli  model,  can  be  shown  as 

d*y  <92y 

EI—%  +  pA^f  =  f(x,t)  0  <  x  <  /  (1) 

ax  dr 

where  E,  I,  p,  A,  /  are  the  Young's  modulus,  area-moment  of  inertia,  density,  cross-sectional 
area,  and  length,  respectively. 


Figure  1  Cantilever  beam  system  with  RMA  (Reaction  Mass  Actuator) 
a)  Dead  RMA 

The  system  consists  of  a  cantilever  beam  with  a  concentrated  mass  at  the  beam  tip.  The  frequency 
equation  of  the  system  can  be  shown,  see  [1]  for  example,  as 
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1  + - - - - —  ALftan  XL -  tanh  XL.)  -  0 

cos  X  L  cosh  X  L  pAL 


The  transcendental  equation  (2)  must  he  solved  numerically  to  yield  the  eigenvalues  X\,  then  the 
natural  frequencies  are  given  as 
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Since  the  beam  model  given  by  Eq.  (1)  yields  infinite  degrees  of  freedom,  the  control-structure 
interaction  of  the  beam  and  the  RMA  is  difficult  to  analyze.  The  problem  is  more  tractable  if  the 
system  with  dead  RMA  is  modeled  as  SDOF  for  the  fundamental  mode.  Figure  2  shows  this 
model  with  K,  M,  and  b  are  the  equivalent  stiffness,  equivalent  mass,  and  equivalent  damper, 
respectively.  The  mass  and  stiffness  can  be  calculated  from  physical  properties,  but  the  damping 
must  be  determined  experimentally. 


Figure  2  A  simple  model  of  the  system  with  dead  RMA 


1:  can  he  found  in  vibration  texts,  see  [2J  for  example,  that 

..  3  £7 


M  -  mh  +  0.236pAL 


m  and  m.  me  the  masses  of  the  RMA  magnet-shaft  assembly  and  housing,  respectively.') 

An  experiment  was  performed,  where  the  physical  parameters  of  the  tested  beam  (Aluminum  6061- 
Tfy)  are 


L  -  30.75  in. 


/i  ---  3  in.  >:0.25  in. 


E  =  10  x10s  psi 


p  =  0.2588  ^4- 
in 


1  bus,  the  equivalent  stiffness  and  equivalent  mass  are  calculated  to  be 


K  -  4.03 


„  ,  ,lb,s~  , lb,s 2 

M  =  6  33  >.  10  -  -i—  m  =  6. 47  x  10  --1 — 
in  in 


I  he  natural  frequency  is  calculated  and  observed  to  be  3.8  Hz  and  3.5  Hz,  respectively.  The 
resum!  :■  at  the  beam  up  oi  the  svstem  with  dead  RMA  is  shown  in  Figure  3. 


Figure  3  Response  at  the  beam  tip  with  dead  RMA 


b)  Passive  RMA 

When  the  moving  part  of  the  RMA  is  released,  the  RMA  acts  as  a  passive  vibration  absorber 
(Figure  4).  When  b  =  0,  the  system  becomes  the  classical  Den  Hartog's  vibration  absorber 
problem  [3]. 
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The  differential  equations  are 
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where  the  undamped  natural  frequencies  can  be  obtained  as 
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Figure  6  Conceptualized  control  scheme 
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For  physical  implementation,  an  actual  system  can  be  shown  as  in  Figure  7. 


Figure  7  Implementation  of  the  control  system 


When  closed  loop  control  is  applied,  the  structure-RMA  system  shown  in  Figure  7  can  be  modeled 
as  an  electromechanical  system  (Figure  8). 


(b) 


Figure  8  Electromechanical  system:  (a)  mechanical  and  (b)  electrical 
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The  governing  differential  equations  for  the  mechanical  part  can  be  obtained  as 
~M  Olfjcl  [ b  +  c  -clfil  \K  +  k  -Atlfjcl  _ \fd -/cl 

_0  c.i-VJ.  k  \y\  1  Sc  1  (7a) 

where  fcj  and  fc  are  the  disturbance  force  and  control  force,  respectively.  The  differential  equation 
for  the  electrical  part  is 

e-Ri  +  L—  +  eb  (7b) 

at 

The  electromechanical  coupling  is  given  by 

fc  =  U  eb  =  km{y-x)  (8) 

If  the  beam  tip  velocity  is  used  as  negative  feedback  for  the  active  RMA, 

e  =  kgx  (9) 

where  k  is  the  gain.  Then,  combining  Eqs.  (7-9)  yields  the  closed-loop  system  equations  as 


~  M  0  Ol  f.x 

0  m  0  *  y  >  + 

0  0  0  i 


c  0 \{x)  f K  +  k  -k  k. 


-(*,  +  *.)  *-  HI* 


c  0  y  +  -k  k  —km  t  y  f  =  t  0 


0  0  R  \\i 


Taking  the  Laplace  transform, 


'Ms2  +{b  +  c)s  +  K  +  k  -(cs  +  k)  km  fX(j)l  [/=•„($)' 
-(cs  +  k)  ms2  +  cs  +  k  —km  <X(s)'  =  -  0 

~(kg+km)s  kms  Ls  +  R  J(s )  0 

The  transfer  functions  relating  x,  y,  i,  and  fj  are  given  by 

'X(s) 

<Y{s)  =  k(5) 

n$)  ]  [h,(s) 

where  the  following  are  obtained  with  the  aid  of  Mathematica  [4] 


H:(s)  = 


HAs)  = 


X(s )  ftiL  s 5  +  (ruR  +  cL)s"  +  (cR  +  kL  +  km2^)s  +  kR 

_____  — 

Y(s)  _  cLs2  +  (cR  +  kL  +  kmkg  +  km2)s  +  kR 


s  I  v  j  k\n  •  k  \/ns~  ck  s  +  kkg 
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A  (s)  =  { MmL}s 5 

+{(MR  +  Lb)m  +  (M  +  m)cL}s 4 

+|(M  +  m)cR  +  ( Mk  +  mK  +  mk  +  bc)L  +  (M  +  m)kj  +  ( Rb  +  kgk  >}*3 
+{(Mk  +  mK +  mk  +  bc)R  +  (Kc  +  bk)L  +  bkn2}s2 
+{(<:/?  +  Lk  +  km2)K  +  Rbkjs 

+{KkR}  (14) 

The  response  at  the  beam  tip,  with  active  RMA,  for  different  values  of  gain  is  shown  in  Figure  9. 
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Figure  9  System  response  with  the  active  RMA:  (a)  moderate  gain  and  (b)  high  gain 


It  is  interesting  to  note  that,  for  an  otherwise  stable  control  system,  by  simply  switching  the 
electrical  leads  of  the  RMA,  the  system  becomes  unstable  or  self-excited  vibration  is  induced 
(Figure  10). 
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Figure  10  System  response  to  positive  feedback 

The  stability  behavior  of  the  controlled  system,  as  k  and  c  of  the  RMA  are  varied,  can  be  seen  in 
Figure  1 1 . 


(a) 


(b) 


Figure  11  Root  loci:  (a)  decreasing  k  and  (b)  decreasing  c 
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From  the  experimental  results  it  can  be  seen  that  for  the  uncontrolled  system  (with  dead  RMA),  the 
beam  tip  vibrates  in  excess  of  45  seconds  (Figure  3).  The  system's  ability  to  dampen  out  vibration 
is  improved  by  the  use  of  passive  RMA.  It  is  about  4  seconds  or  10  times  faster  (Figure  5).  The 
system  is  further  improved  by  the  use  of  active  RMA  where  the  settling  time  is  anywhere  from  2 
awwonds  to  IwSc  than  1  second  depending  upon  the.  values  of  control  gain  used  (Figure  9,. 


Concluding  Remarks 

Active  control  applied  to  structures  provides  a  powerful  means  of  suppressing  vibrations,  but  it 
also  incurs  some  "costs."  These  costs  are  mainly:  more  expense;  more  complexity  in  electronics, 
hardware  and  software;  and  less  reliability.  With  negative  velocity  feedback  for  the  configuration 
under  consideration,  the  control  system  is  less  reliable  because  it  may  become  unstable,  for  certain 
values  of  physical  parameters  and  control  gain.  This  fact  is  also  discussed  by  Inman  [5]. 
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ABSTRACT 

The  focus  of  this  study  was  on  computationally  verifying  that  passive  electrodynamic 
damping  was  competitive  or  superior  to  current  damping  technologies  recommended 
for  Large  Space  Structures  (LSS).  Electrodynamic  damping  is  linear  and  is 
characterized  by  a  dash  pot  dissipative  force  which  is  proportional  the  relative  velocity 
of  the  damper  components.  The  constant  of  proportionality  is  c.  The  study  investigated 
the  maximum  ratio  of  c  to  the  mass  of  the  damping  system  as  well  as  the  frequency 
dependence  of  c.  Both  analytic  and  ADINA  models  of  an  LSS-like  structure,  the  Air 
Force  Wright  Aeronautical  Laboratory  12  Meter  Truss  (TMT)  were  used,  together  with 
TMT  data,  to  understand  and  verify  Passive  Electrodynamic  Damper  (PED) 
performance. 

The  study  results  indicate  that  the  Auxiliary  Mass  PED  (AM-PED)  is  competitive 
or  superior  to  active  dampers,  in  damping  TMT  bending  modes,  when  the  AM-PED 
weight  is  comparable  to  that  of  active  damping  actuators.  This  is  important  because  of 
the  enhanced  reliability  and  cost  savings  of  a  passive  damping  system.  An  AM-PED 
does  not  require  sensors,  a  power  source  or  a  computer  control  system.  Although  a 
detailed  comparison  was  not  made,  it  appears  that  equivalent  weight  strut  PED 
systems  may  also  be  superior  to  viscoelastic-material  strut  dampers.  This  is  important 
because  PED  systems  do  not  outgas  and  are  stable  with  respect  to  environmental 
temperature  variations.  In  addition  PED  system  performance  is  easily  calculable,  c  is 
independent  of  frequency  and  of  amplitude  for  the  low  modal  frequencies 
characteristic  of  LSS. 
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1.0  INTRODUCTION 


This  paper  describes  research  that  was  supported  by  the  Strategic  Defense 
Initiative  Organization  (SDIO).  The  object  of  the  study  was  to  investigate  the  feasibility 
of  specially-designed,  spacecraft  vibration-damping-devices,  known  as  a  Passive 
Electrodynamic  Dampers  (PEDs).  PEDs  absorb  mechanical  energy,  by  means  ohmic 
heating,  when  there  is  motion  relative  to  the  field  of  a  permanent-magnet.  Future 
military  and  non-military  spacecraft  are  expected  to  be  large  and  flexible,  with  many 
low  frequency  modes.  Damping  these  modes  is  critical  to  the  operation  of  some  on¬ 
board  sensors  and  equipment.  A  successful  RED  would  therefore  be  applicable  to 
military  non-military  space  programs. 

The  goal  of  the  study  was  to  verify  PED  damping  effectiveness  by 
mathematically  modeling  and  evaluating  PED  electrodynamic  characteristics,  as  they 
relate  to  Large  Space  Structures  (LSS),  and  computationally  simulating  the 
mechanical  effect  of  PED  configurations  on  LSS.  The  approach  taken  was  to  focus  on 
one  LSS  test  bed,  called  a  model  LSS  (MLSS),  since  there  was  time  to  consider  only 
one  LSS  simulation  in  the  project.  The  electrodynamic  modeling  was  more  gei.eral, 
shewing  how  the  key  PED  design  parameters  -  weight  for  example  -  varied  as  a 
function  of  LSS  and  space  environment  characteristics  -  frequency  and  temperature 
for  example.  The  idea  was  to  design  a  PED  for  the  MLSS  using  the  general  PED 
design  equations  that  evolved  from  the  research.  The  MLSS  modal  damping  was  first 
approximated  analytically  so  that  the  key  parameters  and  their  relationship  to  the 
damping  could  be  identified.  PED  caused,  LSS  modal-damping  was  then  compared  to 
MLSS  data  obtained  using  other  damping  systems.  Because  the  analytically 
calculated  damping  was  satisfactory  the  PED  was  incorporated  into  an  ADINA 
(Reference  1)  code  model  of  the  MLSS.  The  ADINA  model  gave  the  most  accurate 
PED  modal  damping  effectiveness  calculation  and  allowed  the  most  accurate 
comparison  with  other  damping  methods. 

After  much  consideration  and  discussion  with  the  appropriate  government 
agencies  the  MLSS  chosen  for  the  study  was  the  AFWAL  twelve  meter  truss  (TMT, 
References  2  and  3).  The  reason  for  this  choice  was  that  the  TMT  was  the  simplest, 
technically  acceptable  structure  for  which  adequate  data  was  available. 

Much  of  the  research  presented  in  this  paper  is  an  evaluation  of  the  damping 
characteristics  of  a  particular  PED  configuration  called  the  Auxiliary  Mass  Passive 
Electrodynamic  Damper  (AM-PED).  Both  analytic  and  computer  simulation  results 
show  the  AM-PED  is  competitive  with  active  damping  systems  anticipated  for 
spacecraft  use.  Substitution  of  the  AM-PED  for  active  damping  could  mean  large 
increases  in  space  platform  damper  reliability,  weight  reduction  and  a  lower  cost 
damping  system.  The  AM-PED  is  expected  to  be  a  very  important  addition  to  the 
technologies  used  for  LSS  damping.  Other  PED  configurations  are  expected  to  also 
be  important  but  they  have  not  been  studied  in  as  much  detail.  The  Strut  Passive 
Electrodynamic  Damper  (S-PED)  appears  to  be  a  particu’arly  promising  substitute  for 
viscoelastic  materials  (VEM)  in  damping  structural  truss  modes.  PED  damping 
concepts,  electrodynamics  and  space  environment  characteristics  are  discussed  in 
Section  2  Sections  2  -  4  discuss  the  results  and  analysis  of  this  study.  Section  5 
presents  the  conclusions  and  recommendations  In  the  next  subsection  the  rationale 
for  studying  low  frequency  dampers,  in  particular  PEDs,  is  discussed 


1.1  LARGE  SPACE  STRUCTURES  (LSS)  AND  DAMPING 


Increasingly  greater  roles  are  anticipated  for  satellites  in  the  civilian  economy, 
in  government  research  and  in  military  planning.  Planned  space  structures  are 
therefore  becoming  larger  with  more  complex  missions  and  increasing  power 
requirements  (References  4  and  5).  The  fiscal  and  complex-mission,  space-structure 
requirements,  for  these  planned  systems,  result  in  lightweight,  flexible,  loaded,  LSS 
design  concepts  with  very  low  modal  frequencies.  In  combination  with  the  lack  of 
gravity  these  requirements  also  mean  that  there  will  be  small  frictional  energy 
dissipation  and  modes  will  be  poorly  damped. 

One  proposed  solution  to  the  lSS  structural  requirements  has  been  the  use  of 
trusses  as  the  basic  support  structure.  Trusses  are  both  lightweight  and  rigid  and  have 
been  designed  in  beam  configurations.  The  plan  is  to  mount  sensors,  equipment  and 
°^lar  panels  on  these  lightweight  frames.  The  resulting  i  SR  are  truss-type  structures 
connecting  a  variety  of  flexible  components.  Predictions  indicate  that  these  flexible 
components  will  likely  have  natural  frequencies  in  the  same  range  as  tne  dominant 
truss  modes  (Reference  5). 

A  number  of  groups  have  developed  experimental  LSS  structural  models  to 
verify  their  structural  dynamic  computational  tool  predictions,  as  weil  as  verify 
proposed  damping  conoep'!~  Th»  PACOSS  (Passive  and  Active  Control  of  Space 
Structures,  Reference  6)  dynamic  test  object  and  Twelve  Meter  Truss  (TMT, 
References  2  and  3)  supported  by  the  Air  Force  and  the  Dynamic  Scale  Modei 
Technology  (DSMT,  Reference  5)  program  supported  by  NASA  are  examples.  The 
PACOSS  program  is  particularly  advanced  and  experimental  results  appear  to 
support  the  current  LSS  damper  design  philosophy  (Reference  7): 

(1)  Damp  as  many  modes  as  possible  passively,  using  VEM. 

(2)  Damp  all  remaining  modes  (assumed  io  be  only  a  few)  by  means  of  active 
damping. 

The  TMT  approximates  a  twelve  meter  beam  and  experiments  have  been 
performed  in  both  a  cantilevered  and  a  free-free  configuration.  The  cantilevered 
configuration  is  not  "realistic"  for  a  complete  LSS1  and  is  a  compromise  so  that 
experiments  can  be  performed  with  low-frequency  structural  modes  '2.25  Hz).  TMT 
cantilever  experiments  have  been  performed  and  analyzed  with  and  without  VEM 
struts.  Free-free  TMT  experiments  have  been  performed  with  and  without  VEM  struts 
but  the  results  have  not  been  analyzed  in  detail.  Active-damper,  cantilevered-TMT 
NASTRA'  experimental  pretest  predictions  are  also  available. 

Not  only  damper  development  but  LSS  designs  and  structural  dynamic  testing 
are  still  in  the  research  and  development  stage.  At  the  present  time  VEM  is  the  passive 
damper  of  choice  and  for  the  most  part,  in  practice,  it  has  been  used  in  strut 
configurations  (References  3  and  6).  However,  there  are  some  shortcomings  to  the 
use  of  this  material.  The  full  temperature  variation  for  an  exterior  spacecraft  component 
could  be  ',50°C,  from  about  -50°C  to  about  100°C.  Some  VEM  materials  have  a 
useful  range  of  only  20  -  30  °C.  It  is  recognized  that  one  material  will  not  suffice  for 
every-  application  and  that  active  heating  elements  will  have  to  be  used  in  conjunction 
with  VEM  to  maintain  constant  damping  (Reference  8),  for  some  applications,  in 
addition  VEM  is  nonlinear  and  its  dampv.g  characteristics  are  not  easily  predicted. 


1  There  are  structures  that  are  expected  to  be  cantilevered  oh  the  truss  The  solar  paddles  in  Reference  5 
are  an  example 


These  shortcomings  imply  uncertainties  and  expense  in  damper  design  as  well  as 
possible  reliability  problems  in  actual  practice.  In  addition  there  is  the  question  of  the 
VEM  damper  effectiveness  with  respect  to  its  weight.  In  the  TMT  experiments  the  final 
VEM  passive  damper  configuration  weighed  about  50%  more  than  the  undamped 
iruss.  Not  all  of  this  damping  material  was  effective  in  damping  the  modes,  however, 
and  future  TMT  studies  may  investigate  the  elimination  of  the  least  effective  struts. 

at  the  present  time  a  common  active  damping  system  uses  a  coil  and 
permanent-magnet  actuator  system.  A  current  is  generated  in  the  coil  and  exerts  a 
force  on  a  moving  magnet  corresponding  to  a  predetermined  algorithm.  One  such 
algorithm  is  to  make  the  force  proportional  to  the  velocity  of  the  attachment  point  for 
example.  The  system  is  very  convenient  in  its  application:  the  actuator  is  attached  at  a 
position  of  maximum  modal  amplitude,  consistent  with  dynamic  stability  requirements. 
In  addition,  because  it  is  made  of  metals,  its  performance  is  very  stable  with  respect  to 
expected  environmental  temperature  variations.  There  are  some  shortcomings, 
however.  One  of  these  appears  to  be  that  the  force  exerted  is  limited  by  the  maximum 
current  that  can  flow  through  the  coil.  Too  high  a  current  will  melt  the  coil.  Most  of  the 
power  dissipated  in  the  coil  appears  to  result  in  a  restoring  force  which  changes 
direction  as  a  function  of  time.  Only  a  small  portion  of  the  force  actually  damps  the 
motion  of  the  LSS  modes.  Additionally  the  actuator  system  requires  motion  sensors,  a 
computer  control  system  and  a  power  supply.  All  these  system  components  add 
weight  and  contribute  to  system  reliability  issues. 

If  the  objective  of  the  active  damping  system  is  to  damp  only  a  few  modes, 
replacing  the  olectrical-power  generated  restoring  force  with  a  spring  and  a 
permanent-magnet  system  may  be  the  most  efficient  and  cost  effective  design.  The 
AM-PED  herein  is  a  passive  damping  device  which  does  just  that.  It  has  all  the 
advantages  of  this  active  damping  system  but  apparently  none  of  its  disadvantages.  In 
addition  it  may  be  more  effective  in  damping  LSS  modes  than  an  active  damping 
system. 

2.0  THE  PED 

In  this  section  the  PED  concept  is  first  discussed  from  a  general  point  of  view.  In 
Section  2.1  the  AM-PED  is  discussed  and  then  in  Section  2.2  the  design  constraints 
imposed  by  the  electromagnetics  is  examined.  Finally  in  Section  2.3  the  effect  of  the 
space  environment  on  the  PED  is  discussed. 

The  basic  PED  concept  is  to  mechanically  couple  LSS  vibrations  to  relative 
motion  between  an  armature  and  a  magnet.  The  relative  motion  gives  rise  to  a 
dissipative  force  F  which  is  proportional  to  the  relative  velocity  of  the  two  PED 
components.  That  is 


F  =  cv,  (1) 

where  v  is  the  armature/magnet  relative  velocity  and  c  is  the  constant  of 
proportionality.  Figure  1  illustrates  the  principle.  The  relative  motion  generates  a 
current  in  the  armature  and  vibrational  energy  is  absorbed  via  ohmic  heating.  This 
kind  of  damping  -  electromagnetic  damping  -  has  been  considered  in  the  past  for  other 
kinds  of  systems  (Reference  9)  and  so  the  concept  is  not  new.  What  is  new  is  the 
application  of  the  concept  to  LSS  and  the  particular  LSS  PED  structural  and  magnetic 
configurations.  Because  of  the  low  LSS  frequencies  e'sctromagnetic  damping,  as 
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manifested  in  the  PED  design,  is  a  very  weight  efficient  LSS  vibration  damper.  This 
will  be  demonstrated  in  Sections  3  and  4.  Because  of  superior  PED,  spacecraft- 
environment,  material-properties  and  its  simplicity  it  is  a  very  desirable  damper 
system. 
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Figure  i.  Generic  PED  Components 

The  PED  is  essentially  a  dash  pot,  for  all  LSS  vibrational  amplitudes  of  concern, 
and  the  mechanical  analysis  is  relatively  straight  forward.  Difficulties  lie  in  efficiently 
designing  the  magnetic  circuit  and  in  coupling  the  dissipative  force  to  the  complex 
multi-modal  mechanical  motion.  Two  coupling  configurations  were  studied:  (1)  the 
Auxiliary  Mass  Passive  Electromagnetic  Damper  (AM-PED),  and  the  (2)  Strut  PED  (S- 
PED).  The  idea  behind  the  AM-PED  is  to  transfer  the  LSS  vibrational  energy  to  a  proof 
mass  and  hen  dissipate  the  the  proof  mass  energy  via  ohmic  heating.  The  AM-PED 
can  theoretically  be  attached  anywhere  on  the  LSS  the  vibration  amplitude  is  large. 
The  S  PED  is  used  mainly  as  a  component  of  the  LSS  truss  support  structure  to 
dissipate  truss  vibrations. 

For  most  coupling  the  PED  is  designed  to  have  is  own  restoring  force 
proportional  to  displacement  and  consequently  its  own  resonant  frequency  coo-  The 
PED  has,  of  course,  its  own  mass,  m,  as  well.  One  design  problem  is  choosing  the 
PED  parameters,  c,  coo.  and  m  to  optimize  the  damping  over  the  LSS  frequency  range 
of  interest  For  a  given  m,  we  are  actually  optimizing  the  damping  by  appropriately 
choosing  the  parameters  c/m  and  coo- 

One  of  the  advantages  of  the  PED  is  that  it  is  a  simple,  linear,  mechanical 
system  and  its  effect  can  be  calculated.  Flowever,  coupling  to  a  complex  LSS  means 
the  analysis  is  more  complex  than  for  a  one  dimensional  system.  In  general  the  PED 
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damping  of  a  given  LSS  of  mass  M  and  frequency  Lion  (n  =  0,  1 ,2,  3 . )  will  not  be 

the  same  as  for  a  one  dimensional  system  of  mass  M  with  a  damping  force 
proportional  to  velocity.  That  is  the  percent  ol  critical  damping,  yrv  of  the  particular  LSS 
mode  will  not  be  simply  c/(2MQon)-  We  can  expect  that  yn  will  be  related  to  the  effective 
mass  of  the  LSS,  for  the  particular  modal  vibration  of  concern  (the  total  LSS  mass  is 
not  necessarily  effective  in  the  vibrations  of  a  particular  mode),  and  to  the  PED 
parameters.  These  latter  comments  are  particularly  relevant  to  the  AM-PED 
configuration. 

We  now  consider  how  the  PED  parameter  c  (equation  1)  is  related  to  the  PED 
design  parameters.  As  expressed  in  equation  1 ,  the  force  is  cv,  v  is  the  relative  velocity 
(m/sec),  and 


c  =  arcr2(2s)B2  (kg/sec),  (3) 

where  B  is  the  flux  density  field  (Weber/m2),  o  is  the  conductivity  (mhos/m)  r  is  the 
magnet  radius  (m)  and  2s  the  thickness  (m)  of  the  armature.  Reference  should  be 
made  to  Figure  1.  Equation  3  assumes  that  none  of  the  magnetic  leakage  flux  is 
effective  in  damping  the  system  and  is  thus  a  lower  bound  on  c:  the  armature  will  be 
wide  enough  to  cut  most  of  the  leakage  flux  lines. 

Equation  3  is  not  valid  for  all  frequencies  and  although  an  arbitrarily  large  c  can 
be  developed  simply  by  making  the  magnet  large  enough  the  important  ratio  c/m 
cannot  be  made  arbitrarily  large.  Equation  3  is  valid  so  long  as  current  can  be 
generated  throughout  the  thickness,  2s,  of  the  armature.  If  the  frequency  of  oscillation 
is  very  large  the  current  will  only  exist  on  the  surface  of  the  armature  and  2s  in 
equation  3  will  be  replaced  by  a  smaller  number.  Therefore  at  high  frequency  c  is 
smaller  than  expressed  by  equation  3.  The  depth  of  penetration  of  the  current  into  the 

armature  is  controlled  by  a  parameter  called  the  "skin  depth",  8,  which  has  the 
dimensions  of  length.  Roughly  speaking  when  8  >2s  equation  3  is  valid.  As  we  will  see 
in  Section  2.2  we  can  expect  equation  3  to  be  valid  below  about  50  Hz.  This  frequency 
is  far  above  expected  LSS  frequencies. 

Equation  3  shows  that  the  dimensions  of  the  magnetic  system  (Figure  1)  enter 
the  calculation  of  c  (the  area,  nr2,  of  the  permanent-magnet  for  example).  What  is  not 
obvious  from  equation  3  is  that  the  magnetic  field  B  is  also  dependent  upon  the 
dimensions  of  the  magnetic  system  as  well  as  the  type  of  magnetic  material  used. 
Optimized  designs  have  a  maximum  c/m  value  which  is  dependent  upon  the  magnetic 
system  design.  The  maximum  practical  LSS  c/m  ratio,  for  an  aluminium  armature,  is 
about  500  sec-1.  We  will  see  in  the  next  section  that  the  c/m  ratio  is  relevant  when 
designing  a  AM-PED  to  damp  more  than  one  LSS  mode.  It  is  also  important  when 
comparing  the  equivalent  weight  of  alternative  passive  damping  concepts.  In  Section 
3.2  we  roughly  compare  the  S-PED  to  VEM  struts. 

2.1  THE  AUXILIARY  MASS  PASSIVE  ELECTROMAGNETIC  DAMPER  (AM- 
PED) 


The  AM-PED  concept  is  straight  forward  and  very  simply  applied  to  a  LSS.  The 
idea  is  to  continuously  transfer  LSS  vibrational  energy  to  a  proof  mass  and  dissipate 
the  proof  mass  kinetic  energy.  In  the  case  of  the  AM-PED  the  proof  mass  is  essentially 
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the  magnetic  system  and  the  dissipative  force  is  descnbed  by  equations  1  and  3  T;-- 
AM-PED  is  made  lightweight  and  springs  act  as  a  linear  restoring  force  Fm'.m 
met  on  causes  curents  to  flow  in  the  armature  resulting  in  energy  dissipation.  " 
or-e sent  discuss'or-  it  is  only  necessary  to  know  that  the  dominant  weight  c-  ;h»  .m 
arises  from  the  magnetic  system  taken  to  be  the  mass  m.  For  reference  tne  amp 
of  magnet  motion  will  be  about  an  inch  (maximum  LSS  vibration  amplitude?  at¬ 
tractions  of  an  inch),  the  overall  dimensions  of  the  aM-PED  designed  for  the  Tf/i  w 
ce  abr  t  ;  j  cm  x  10  cm  x  10  cm  with  a  mass  roughly  equal  to  4  lbs.  Inis  is  a  v:o'/ 
compact  device  which  is  attached  externally  to  the  LSS  (in  this  case  the  TMi  i  at 
positions  of  maximum  vibration  amolitude.  (Note  that  many  AM-PED  designs  ,  : 
pcssio^  umng  different  dimensions  and  magnetic  materials.)  As  we  will  see  AM-PED 
carnpmg  ;s  wmooted  to  exceed  5%  for  very  reasonable  AM-PED  masses  and  ccmp-m 
w-fn  active  damping  systems.  5%  damping  is  approximately  the  requirement  for  man. 
systems  ''Reference  7). 


2.2  El .ECTfiODYNAMIC  PED  CONSIDERATIONS 

A?  discussed  m  Section  2.0,  the  damping  constant,  c,  depends  upon  the  value 
o4  tne  current  m  tne  AM-PED  armature  and  the  magnetic  field.  The  flow  of  current  in  me 
armature  is  ejected  by  the  development  of  electric  fields  which  oppose  the  flow  of 
ci/rml.  These  electric  fields  are  manifested  through  the  skin  depth  introduced  - 
Seca on  2.0.  The  armature  current  flow  also  generates  a  magnetic  field  which  ma> 
oppose  the  magnetic  field  of  the  magnet.  An  opposing  magnetic  field  might  reduce  the 
force  on  tne  armature  and  demagnetize  the  magnet,  so  it  must  be  considered  in  »h© 
m  ;iy-  s  h  either  the  opposing  electric  field  or  the  opposing  magnetic  field  effects  wem- 
-mmrhia1  they  could  reduce  the  damping  constant  below  that  expected  fr 
a  ..  .cm  3  In  the  detailed  analysis  we  find,  as  expected,  that  the  parameter  of  great 

■  ; . -moe  the  electrodynamic  skin  depth  8  (meters) 

(S  -  (pooco  2)  1/2  ,  ;4) 

;  ‘he  permeability  of  free  space  (the  armature  is  made  of  non-magnet  c 
n*mn  .  j  equal  to  4c  y  10‘7  h/m,  o  is  the  armature  conductivity  (mho'm),  and  m  ■? 

cm.;  ’me  .ency  of  motion.  In  order  that  the  current  in  the  armature  leacn  m- 
■"■■■ c  -  . e  3.  must  be  larger  than  about  twice  the  thickness  of  the  armature  For 
«  o-  [  D  ormat.i-e  dimensions,  skin  depth  should  not  be  a  problem  [~r 
■'  e  ■  ■-  toon  about  50  Hz. 

-  '  ■  der  *i  at  the  dimensions  of  the  armature  not  affect  the  design  of  the  system 
v'cei/ihons  suggest  a  minimum  armature  width  to  magnet  diameter  ratio 
• '  ..  '  dwg  >ength  of  the  armature  is  determined  by  other  design  requirements 

v  oTudes  can  affect  the  high  frequency  content  of  the  armature-cur  nm. 
o-.  ’ r  held,  however,  if  designed  properly  the  damping  system  w,: 

2.3  FED  SPACE  ENVIRONMENT  CONSIDERATIONS 

•:  :  ••••’  a.?  i  V  t M .  are  the  recommended  passive  damping  rw  , 

■ .  ‘  ,  /  .  ‘or  i.-se  wit h- n  structural  components  of  truss  structures  uiingo’  1 
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for  example).  However,  large  temperature  variations  in  space  make  designing  passive 
VEM  damping  treatments  difficult  {Reference  8).  The  full  temperature  variation  for  an 
exterior  spacecraft  component  could  be  150°C,  from  about  -50°C  to  about  100°C. 
Some  VEM  materials  have  a  useful  range  of  only  20  -  30  °C,  making  many  materials 
and,  depending  upon  the  specific  problem,  temperature  control  elements  necessary. 
One  of  the  virtues  of  the  PED  designs  is  that,  because  they  are  made  of  metals,  they 
are  extremely  stable  with  respect  to  temperature  variations. 

The  Curie  point  {temperature  at  which  magnetic  properties  change  -  Reference 
10)  of  all  common  magnetic  materials  is  many  hundred  degrees  C,  far  above  the 
highest  expected  space  environment  temperature.  The  most  temperature  dependent 
parameter  in  the  damping  constant  "cM  (equation  1)  is  the  conductivity.  "c”  is 
proportional  to  the  conductivity  (equation  3).  For  temperatures  near  and  above  the 
Debye  temperature  (Reference  1 1)  of  the  material,  the  conductivity  varies  directly  with 
absolute  temperature.  -50°C  is  223  °K  and  many  metals  have  a  Debye  temperature 
near  this  value.  The  Debye  temperature  of  silver,  the  armature  material  giving  the 
largest  c/m  value  is  226°K,  for  example.  The  ratio  of  absolute  temperatures  over  the 
expected  temperature  range  is  373/223  =  1.67  and  so  "c"  is  expected  to  vary  by  less 
than  a  factor  of  2  over  the  full  temperature  range.  A  look  at  tables  of  material  data 
supports  this  expectation.  If  a  PED  experienced  the  full  temperature  variation  (an  AM- 
PED  at  the  end  of  a  solar  paddle,  for  example)  it  could  be  designed  to  operate  most 
effectively  at  the  mid  temperature  range  (about  room  temperature)  and  then  the 
expected  variation  in  "c"  would  be  less  than  ±30%. 

Because  the  coefficient  of  thermal  expansion  for  the  materials  under 
consideration  is  about  10-20  x  10'6  per  degree  C,  the  expected  length  or  gap  changes 
are  only  about  .3%,  too  little  to  effect  PED  operation. 

The  effects  of  environmental  temperature  variation  on  the  spring  of  the  AM-PED 
are  also  expected  to  be  manageable.  Considerable  information  exists  about  the 
effects  of  temperature  on  the  mechanical  properties  of  metals  (Reference  12).  This 
information  suggests  that  strength  may  change  by  ±10%  over  the  applicable  range. 
This  can  easily  be  addressed  in  the  detailed  design  of  the  spring.  The  small 
displacements,  ±.17%  imposed  by  thermal  expansions  can  be  considered  similarly. 
Finally,  the  stiffness  may  vary  by  ±5%  which  should  not  significantly  detune  the  device. 

3.0  PRELIMINARY  DESIGN  OF  PED  SYSTEMS 

In  this  section  we  will  be  concerned  with  analytic  evaluations  of  PED 
performance  and  the  impact  of  performance  upon  design  parameters.  The  major  focus 
is  upon  the  AM-PED,  considered  in  Section  3.1.  The  analytic  approximations  and 
discussion  in  Section  3.1  are  a  background  to  the  consideration  of  another  PED 
configuration,  the  Strut-PED  (S-PED).  Preliminary  estimates  do  suggest  that  the  S- 
PED  may  tc  be  very  competitive  in  performance  with  VEM  damping  strut 
configurations.  In  addition  the  S-PED  does  not  have  any  of  the  VEM  temperature 
dependence,  outgassing,  nonlinearity  and  frequency  dependence  problems. 

3.1  AM-PED  PRELIMINARY  DESIGN  FOR  THE  12  METER  TRUSS  (TMT) 

One  of  the  objectives  of  this  section  is  to  compare  the  predicted  performance  of 
an  AM-PED  with  that  of  an  equal-weight  actuator,  active-damping  system.  Active¬ 
damping  computer  predictions  have  been  made  for  the  TMT  in  its  low  frequency 
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cantilevered  position  (References  2  and  3).  These  predictions  are  compared  with  an 
analytic,  continuous-beam  model  of  the  AM-PED/TMT  combination.  In  Section  4  AM- 
PED  performance  is  compared  with  the  active  damping  calculations  utilizing  a  ADINA 
computer  model  of  the  TMT.  This  later  comparison  is  important  because  the  actual 
TMT  is  not  continuous  and  the  beam-model  resonant  frequencies  differs  from  the 
experimentally  measured  TMT  frequencies.  The  measured  ratio  of  the  second  bending 
to  the  first  bending,  TMT  mode  frequency  is  10.72/2.26  =  4.74.  The  frequency  ratio  of  a 
one  end  clamped  beam  is  6.27  so  the  analytic  model  is  reasonable  but  differences 
should  be  expected  between  the  analytic  model  predictions  and  the  more  accurate 
ADINA  model.  As  we  will  see  in  Section  4,  AM-PED  damping  is  actually  more  effective 
with  the  ADINA  truss  model.  This  is  in  part  due  to  the  fact  that  the  truss  does  not  adjust 
its  modal  shape  to  external  forces  in  the  same  manner  as  the  continuous  beam.  The 
analytical  modeling  provides  a  framework  for  understanding  how  to  design  an  AM- 
PED  and  is  used  to  make  preliminary  estimates  of  AM-PED  performance.  (In  the 
original  study  AM-PED  effectiveness  on  a  free-free  TMT  was  also  computationally 
simulated.  The  analysis  is  not  presented  in  this  paper.  The  damping  was  found  to  be 
23%  less  than  the  cantilevered  beam,  for  equivalent  weight  AM-PEDs.)  The  general 
dynamical  problem  is  considered  first. 

What  is  required  is  to  solve  the  dynamical  equations  of  motion  of  the  AM-PED 
system  coupled  to  the  LSS.  The  design  requirements  are  that  the  percent  of  LSS 
modal  damping  should  be  about  5%  so  the  damping  can  be  solved  for  by  a 
perturbation  analysis.  In  addition  the  mass  of  the  LSS,  M,  is  much  greater  than  m  so 

m/M  can  be  treated  as  a  small  parameter.  As  the  detailed  analysis  shows,  if  Fs(o),  x)  is 
an  expression  for  the  force  exerted  on  the  AM-PED  by  the  LSS,  where  x  is  the 
amplitude  of  motion  for  the  frequency  to,  then  the  frequencies  of  the  system  can  be 
obtained  from  the  equation 


where 


Fs(w,x)/M  =  Po)2g(to)x,  (5) 

P  =  m/M,  (6) 

g(co)  =  (-2ri  +  W2(W2  -  1 )  +  4  r2  )/(4r2  +  (W2  -  1  )2  ),  (7) 

r(co)  s  c/2mco ,  (8) 

W(co)  s  coo/o),  (9) 

o)o2  =  k/m,  (10) 


and  k  is  the  AM-PED  spring  constant.  In  the  limit  that  the  new  LSS/AM-PED  modal 
frequencies  are  very  near  the  old  frequencies,  Don.  (that  is  p  is  small)  we  find  that 
percent  of  critical  damping,  yn,  given  for  each  of  the  LSS  modes  is 

Yn  «  -ImagjpQong^On/x/fM-1  dFs(fton,x)/8o)  )}•  (11) 

Assuming  the  TMT  can  be  modeled  as  continuous  cantilevered  beam  and  the  AM- 
PED  is  mounted  on  its  free  end,  Fs  can  be  analytically  defined  and  the  operations 
required  by  equation  1 1  performed.  The  result  is 
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Yn  =  {2p}[2r(Oon)  ][4r(Qon)2  +  (W(Qon)2  -  1  )2 1'1  *  2(*dn, 


(12) 


where  reference  is  to  be  made  to  equations  8  and  9.  Assuming  the  mass  m  is  fixed  at 
the  value  of  the  active  damping  actuator,  we  can  choose  the  AM-PED  parameters  c/m 

and  too  to  either  maximize  the  damping  for  a  particular  mode  or  damp  more  than  one 
mode.  We  also  note  that  if  the  LSS  were  a  one  dimensional  system  of  mass  M,  the 
factor  in  curly  brackets  would  be  1/4  of  the  equation  12  result.  This  means,  at  least  in 
the  limit  of  small  frequency  changes,  that  the  effective  mass  of  the  cantilevered  beam 
is  1/4  of  its  actual  mass,  for  all  modes  when  an  AM-PED  is  attached  to  its  free  end. 

The  active  damper  is  effective  for  both  the  first  and  second  bending  modes  (Qoo 

and  Qoi)  respectively  so  we  design  the  AM-PED  to  compete  with  it  and  also  damp  the 
first  and  second  bending  modes.  We  are  interested  in  obtaining  the  best  damping  we 
can  for  the  lowest  mode  and  still  obtain  reasonable  damping  for  the  higher  modes.  As 
the  detailed  analysis  shows,  for  a  given  r  and  fioo  *n  equation  12  the  numerator  can 
be  minimized  by  choosing 


W(floo)  =  1 ,  or  coq  =  fioo- 


The  damping  of  Qoo  is  then  maximized  with  the  choice 

c/m  =  ftoo.  (13) 

As  discussed  in  Section  2  this  c/m  ratio  is  easily  achievable  with  the  magnetic  system. 
The  choice  of  AM-PED  parameters  defined  by  equations  12  and  13  imply  that  for  Qon 
»  Qoo 


Yn  -  TOlQoo/Aon]. 


(14) 


when 


Yo  =  2(3.  (15) 

The  TMT  active  damper  predictions  .-.ere  actually  made  with  two  4  lb  dampers 
at  the  free  end  and  two  additional  4  lb  dampers,  one  at  the  center  and  one  one-quarter 
of  the  length  from  the  free  end.  A  worst  case  comparison  is  made  by  using  only  one  8 
lb  AM-PED  (equivalent  to  two  4  lb  dampers)  at  the  free  end.  Since  the  TMT  is  220  lbs 

and  the  ratio  of  Qoo/Qoi  =  4.74,  as  stated  above,  we  find  for  the  TMT  that 

70  *  2  x  8  /220  =  7.3%,  and  Yl  »  7.3%  /4.74  =  1 .5%.  (16) 

Table  1  shows  the  TMT  active  damper  predictions  as  a  function  of  four  velocity  feed 
back  schemes.  The  AM-PED  is  therefore  expected  to  be  very  competitive  with  active 
damping  systems.  In  Section  4  we  will  see  that  there  is  reason  to  suspect  that  the  AM- 
PED  may,  in  some  circumstances,  be  a  better  damper  than  the  active  system.  (The 
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overall  damping  ratio  with  an  8  lb  AM-PED  is  11%  for  the  computer  simulated  TMT, 
50%  greater  than  the  analytic,  continuous  beam  result.) 

Table  1  TMT  Active  Vibration  Control 
(From  Reference  2,  x  Bending) 

Closed-Loop  Modal  Damping  Predictions 


Open-Loop 

LOG,  LTR 
output 
Feedback 

MEOP 

Overlapping 

Decomp 

Component 

Synthesis 

1st  Bending 

.80 

9.36 

4.49 

8.02 

7.24 

2nd  Bending 

.16 

1.45 

1.38 

3.19 

2.97 

One  can  also  estimate  the  TMT  modal  damping  by  using  a  one  dimensional 
analog.  For  driven,  single  degree  of  freedom  system  the  damping  is  (2T)-1,  where  T  is 
the  transmissibility.  Using  this  relationship,  where  the  cantilever  is  base  driven,  we 
obtain,  6.6%  damping  for  the  first  mode  and  1.4%  damping  for  the  second.  These 
numbers  are  consistent  with  the  results  in  equations  16.  But  again,  we  have  here  used 
a  continuous  beam  model  for  the  TMT  and  differences  are  expected  for  the  real 
structure. 

3.2.  STRUT-PED  (S-PED)  CONFIGURATION 

A  S-PED  would  be  used  very  much  like  VEM  damper  struts  used  in  LSS  truss 
structures.  For  example,  experiments  were  performed  with  the  TMT  using  VEM 
diagonal  strut  dampers  (Reference  2  and  3)  in  all  bays  (see  Figure  2).  The  resulting 
damping  was  4.2%  for  the  first  bending  mode  and  7.0  %  for  the  second  bending  mode 
but  the  weight  of  the  TMT  was  increased  by  more  than  100  lbs  (45  kg).  It  is  clear  that 
the  struts  could  be  removed  from  those  bays  experiencing  the  lowest  modal  strain 
energy  and  the  damper  weight  would  be  reduced.  However,  the  damping  would  be 
reduced  somewhat  as  well.  The  TMT  with  strut  dampers  in  all  bays  probably 
represents  the  maximum  TMT  damping  possible  with  VEM. 

A  rough  comparison  of  what  is  possible  with  a  S-PED  can  be  made  by 
employing  two  diagonal  S-PEDs  in  the  first  TMT  bay  (see  Figure  2)  and  choosing  a  c 
to  maximize  damping  for  the  first  mode.  A  transmissibility  analysis  is  then  used  to 
evaluate  the  damping  for  the  second  mode.  The  detailed  analysis  indicates  that  under 
these  circumstances  the  strut  dampers  operate  very  much  like  the  Isolator-PED  of 
Reference  13.  The  Reference  13  analysis  showed  that  the  damping  of  the  first 
cantilever  mode  was  maximized  at  about  30%  when 

c/m=1.5UW  (17) 

This  equation  is  very  similar  to  the  AM-PED  design  equation  (equation  13)  except  that 
in  the  case  of  equation  17  the  mass  is  the  effective  mass  of  the  TMT  in  its  first  mode 
and  not  the  mass  of  the  AM-PED.  As  discussed  in  Section  3.1  the  effective  mass  of  the 
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TMT  is  1/4  the  total  mass  or  55  lbs  (25  kg).  We  saw  that  about  7%  damping  was 
expected  with  two  4  lb  AM-PED  masses,  larger  masses  producing  greater  damping.  In 
the  S-PED  design  the  moving  mass  is  the  system  itself.  The  larger  mass  implies 
greater  damping. 


Figure  2.  Twelve-Meter-Truss,  Damper  Strut  Configurations. 


The  c  that  we  need  in  order  to  obtain  this  large  damping  is  given  by  inserting 
the  correct  parameters  into  equation  17.  We  need 


c  =  25  x  1 .5  x  2n  x  2.25  =  530  kg/sec,  (18) 

or  if  two  struts  are  used  per  bay  c  =  265  kg/sec  for  each  strut.  For  a  particular  design 
we  can  achieve  the  required  c  with  a  total  magnet  mass  of  2.1  kg  (4.6  lbs).  With  this  S- 
PED  system  the  expected  damping,  predicted  from  a  base  driven  transmissibility 
analysis  of  a  continuous  cantilever  beam,  is  19%  for  the  first  bending  mode  and  2.5% 
for  the  second  bending  mode.  We  have  tuned  the  S-PED  system  for  the  first  bending 
mode  and  it  is  most  effective  for  that  mode.  The  19%  damping  of  the  first  mode  differs 
from  the  30%  expected  from  the  single  degree  of  freedom  Reference  13  analog,  but 
given  the  difference  in  the  approximation  methods  numerical  differences  are  expected. 
In  addition,  experience  with  comparing  the  AM-PED,  continuous  beam,  analytic 
results  with  the  TMT  computer  simulations  suggests  that  the  analytic  damping 
estimates  are  a  conservative  lower  bound. 

It  is  difficult  to  directly  compare  the  analytical  S-PED  analysis  with  the  TMT  VEM 
damping  data.  Theoretically,  with  a  factor  of  22  less  weight  (excluding  the  weight  of  the 
struts  and  armature)  we  have  a  factor  of  4.5  more  damping  in  the  first  bending  mode. 
This  seems  to  be  a  definite  advantage.  The  S-PED  damping  in  the  second  mode  is, 
however,  about  a  factor  of  3  less  than  the  VEM  system.  It  is  clear  that  by  detuning  the 
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S-PED  the  second  mode  damping  could  be  increased  at  the  expense  of  the.  hr  si  mode, 
if  that  were  desirable.  Although  the  analysis  has  not  been  performed,  the  expectation 
is  that  the  S-PED  would  be  superior  to  the  VEM  damping  strut  system.  Rep: '■cine  D  • 
VEM  system  with  an  S-PED  would  have  a  number  of  advantages'  (It  there  '  •.  ■ 
no  outgassirig  problems,  (2)  designing  a  damping  treatment  would  be  sure  -r  se  e:: 
the  PED  system  is  linear  with  respect  to  amplitude  and  c  does  not  depone  up  or 
frequency,  (3)  heating  coils  would  be  avoided  because  the  PED  system  pern-,  n lance 
changes  .ery  little  with  temperature,  (4)  the  same  PED  system  cou’d  c-e  used 
anywhere  on  the  LSS  because  of  the  near  temperature  independence  of  ihs  “  ED. 

4.0  STRUCTURAL  DYNAMICS 

In  Section  1,  it  was  noted  that  the  AFWAL  12m  Truss  (TMT)  cv  tarr ica'iy 
represents  large  space  structures  of  generic  interest.  To  suppress  the  vibration  cf 
such  systems,  the  application  of  the  PED  as  an  auxiliary  mass  damper  was  discussed 
to  be  very  promising.  In  Section  3,  a  preliminarily  design  AM-PED  for  the  canTewmed 
12m  Truss  was  discussed.  It  was  observed  that  its  effectiveness,  reliability,  and  weight 
compare  favorably  to  actively  controlled  and  mechanical  passive  damping 
alternatives. 

The  structural  dynamics  of  the  TMT  ‘with  AM-PED  is  new  comprohemD'ely 
analyzed  to  further  investigate  these  promising  possibilities.  The  modal  analysis  is 
considered  first  to  gain  insight  and  then  realistic  transient  excitations  are  considered. 
Next,  the  effect  of  AM-PED  parameters  on  performance  is  examined. 

4.1  MODAL  CHARACTERISTICS 

The  study  begins  with  the  natural  frequencies  ana  mode  shapes  ot  tf, 
system.  These  were  obtained  through  the  ADINA  finite  element  model  of  mgam 
(Reference  1).  This  describes  each  of  the  16  bays  of  the  TMT  with  a  2-m.  bob  beam 
element  Complete  restraint  against  translation  and  rotation  is  assumed  dt  tho 
support.  The  AM-PED  is  modeled  as  a  lumped  mass  connected  to  the  free  end 
through  a  genera!  eiement  having  concentrated  damping  and  stiffness.  In  all.  33 
degrees  m  freedom  describe  the  planar  flexural  vibration  of  this  system.  ~he  modal 
characteristics  o-  this  response  were  found  through  a  determinant  search  algorithm. 

rf-  •  undamped  TMT  was  first  considered  without  the  AM-PED. 
ienqh  y-  aken  to  be  471  in.  and  the  total  weight  220  lbs  in  accordance  ’.  mod 
data.  Tt  _  stiffness  parameters  of  the  beam  elements  are  adjusted  to  match  the  first 
two  frequencies  measured  by  the  AFWAL.  These  are  given  in  Table  2  and  ■  suDcf  tc? 
influence  of  snear  as  well  as  flexural  deformation.  The  corresponding  shapes.  F>< .  .  - 
4  and  5.  contain  opp  and  two  lobes  in  the  first  and  second  modes,  respective  u.  m  osm 
would  "  ■■ 

•  •  u><'>  influence  of  the  AM-PED  on  these  characteristics  was  stu-Teo.  For 
th,c.  p  of  the  preliminary  design  are  considered  whies'!  a, a  fope-Veo  D- 

. h , ;  ;  u  .  ",v  i  .pin  3  The  AM-PED  design  cruses  the  system  to  have 
cor  g  v.e  undamped  fundamental  mode  of  the  cantilever.  Th 

frequ .  "i.  .  *  -mpes  appear  m  Table  2  and  Figure  4.  respectively  .  re  ■ .... 

those  m  a  sightly  lower  freque  ,cy  than  the  undamped  fuctiamu 

cm.  •  ..  , ■  i/.-i  a-y  mass  motion  in  phase  with  the  beam.  "Dm  . 

free  i  .  -•  v  mnner  than  the  fundame, mb  and  an  auxiliary  mas-.  .  , 
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opposition  to  the  beam.  In  both  modes,  the  large  amplitude  of  the  auxiliary  mass 
motion  will  be  effective  in  dissipating  the  beam’s  vibration.  Note  in  Table  2  that  the 
second  flexural  frequency  of  the  beam  is  minimally  influenced  by  the  design.  Neither 
is  the  corresponding  mode  shape,  Figure  5,  in  which  the  auxiliary  mass  experiences 
little  displacement. 

4.2  TRANSIENT  RESPONSE 

With  the  benefit  of  the  foregoing  modal  insight,  the  response  of  the  system  to  a 
transient  excitation  is  considered.  A  uniform,  unit,  initial  velocity  of  the  beam  is 
specifically  chosen.  This  approximates  the  excitation  of  an  impulsive  maneuver  by  the 
spacecraft  from  which  it  would  be  cantilevered.  It  may  also  represents  the  loading 
produced  by  the  fluence  of  a  hostile  impulsive  laser  attack  on  the  platform.  The 
response  to  this  initial  disturbance  was  calculated  using  the  ADINA  model  through  a 
direct  time  integration  with  a  step  of  0.010  sec. 

The  resulting  tip  deflection  for  the  undamped  case  is  shown  in  Figure  6.  This  is 
dominated  by  the  fundamental  mode  at  2.26  Hz.  With  no  dissipative  mechanism  in  the 
system,  the  oscillations  continue  indefinitely.  Such  behavior  is  not  consistent  with  the 
precise  stability  requirements  for  many  space  platforms. 

Fortunately,  the  situation  improves  dramatically  in  the  response  with  the 
preliminary  AM-PED  design  which  is  superimposed  in  Figure  6.  This  response  is 
initially  rinminate<i  hy  the  fundamental  bending  modes.  However,  these  are  effectively 
damped  in  a  few  cycles.  A  least  squares  fit  of  the  response  indicates  that  it  decays  with 
an  exponential  envelope  corresponding  to  6.2%  damping.  This  is  almost  twice  as 
large  as  predicted  in  Section  3.1  for  the  continuous  beam.  (Note  that  in  Section  3.1  we 
considered  an  8  lb  AM-PED,  here  the  simulation  was  for  a  4  lb  AM-PED.  Equations  6 
and  12  show  that  damping  is  expected  to  be  linearly  proportional  to  AM-PED  mass.) 


4.3  PARAMETRIC  ANALYSIS 

The  above  transient  analyses  indicate  that  the  preliminary  AM-PED  design 
should  be  quite  effective  in  suppressing  the  vibration  of  large  space  structures. 
Accordingly,  the  influence  of  its  design  parameters  on  this  effectiveness  is  studied. 
Auxiliary  mass  and  frequency  tuning  is  specifically  addressed. 

To  examine  the  effect  of  auxiliary  mass,  this  parameter  is  doubled  above  the  4 
lb  preliminary  design.  In  accordance  with  the  preliminary  design  procedure,  we  also 
double  the  stiffness  and  damping  values  to  maintain  the  same  tuning  relative  to  the 
cantilevers  fundamental  mode.  The  response  with  this  8  lb  device  is  compared  to  that 
previously  calculated  for  the  4  lb  design  in  Figure  7.  With  the  additional  mass,  the 
vibration  is  suppressed  even  more  rapidly.  The  equivalent  damping,  Table  3,  is  now 
10.9  %.  Thus  the  damping  effectiveness  increases  almost  linearly  with  the  size  of  the 
auxiliary  mass,  as  suggested  by  our  first  order  perturbation  analysis. 

To  examine  the  influence  of  AM-PED  tuning,  the  auxiliary  mass  is  returned  to 
the  initial  value  of  4  lb.  In  lieu  of  the  preliminary  design  of  Section  3,  an  alternative 
exists  which  attempts  to  limit  the  response  of  the  primary  system  over  a  range  of 
frequencies  in  the  neighborhood  of  its  fundamental  mode  (Reference  14).  The 
parameters  of  this  "optimal"  design  for  the  cantilevered  TMT  are  given  in  the  third  row 
of  Table  3.  The  response  of  this  system  is  compared  to  that  previously  calculated  for 
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our  preliminary  design  in  Figure  8.  The  effectiveness  of  the  AM-PED  is  seen  to  be  a 
function  of  frequency  tuning.  For  the  uniform  initial  excitation  imposed,  the  "optimal" 
design  achieves  3.6  %  damping  and  is  less  effective  than  the  preliminary  concept. 


TABLE  2  NATURAL  MODES  OF  12M  TRUSS 

Beam  Character  Undamped  Frequency  Hz  AM-PED  Frequency,  Hz 

Fundamental  2.26  1.98 

2.56 

Second  10.70  10.71 


TABLE  3  AM-PED  EFFECTIVENESS 


12m  Truss 

mg 

c 

k 

Damping 

Configuration 

lb 

Ib-sec/in 

Ib/in 

ratio 

Cantilevered 

4 

0.1464 

2.069 

0.062 

Cantilevered 

8 

0.2928 

4.138 

0.109 

Cantilevered 

4 

0.0487 

1.577 

0.036 

Free 

2* 

0.422* 

34.4* 

0.048 

‘Values  for  each  of  two  AM-PEDs.  Free-Free  analysis  not  presented. 


Figure  5.  Second  Mode  of  TMT 
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Figure  b.  Transient  Response  of  TMT 
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figure  /.  t nect  of  AM-PED  Mass 


Figure  8.  Effect  of  AM-PED  Tuning 


5.0.  CONCLUSIONS  AND  RECOMMENDATIONS 


!•'  *h is  study  the  feasibility  of  Passive  Electrodynamic  Dampers  (PEDc)  for  Lame 
Soace  Structures  (LSS)  has  been  investigated.  The  overall  coricUis'on  is  me: 
preliminary  RED  designs  appear  very  promising,  being  competitive  and  in  many  ways 
superior  to  current  active  damping  and  passive  damping  LSS  technologies.  The 
overall  recommendation  is  that  a  detailed  design  and  experimental  test  program  be 
undertake  to  verify  the  conclusions  of  the  study.  The  detailed  conclusions  of  this 
study  am  presented  below. 

The  AM-PED  operates  by  converting  LSS  vibrational  energy  to  the  kinetic 
energy  of  the  magnetic-system  mass.  This  energy  is  then  dissipated  through  chmic 
nesting  in  the  armature.  Mechanical  springs  are  used  as  a  restoring  force  and  the 
system  is  "tuned"  to  damp  over  a  range  of  LSS  modal  frequencies.  Because  of  the 
simple  RED  force  relationship,  analytic  LSS  damping  estimates  can  be  made  when 
dfidlytic  LSS  modal  solutions  exist.  Computational  solutions  are  required  tor  realistic 
LSS  truss  structures  which  only  roughly  approximate  continuous,  analyticailv-tractable 
systems. 

Becdes  computationally  evaluating  the  effectiveness  of  the  PEDs  it  was 
cons.dered  important  to  compare  PED  effectiveness  with  experimental  data  and 
pretest  predictions  fcr  other  damping  systems.  The  AFWAL  12  Meter  Truss  (TMT) 
experiments  were  chosen  for  comparison.  The  majority  of  analyzed  TMT  data  is  for  the 
low-frequency  cantilevered  position.  The  AM-PED,  designed  according  to  the  analytic 
analysis,  owd  the  TM1  were  ADINA  modeled. 

The  conclusions  of  the  study  are  the  following: 

(1 )  The  maximum  practical  LSS  c/m  ratio  is  about  500  sec  1  in  mks  units. 

'21  Trio  maximum  c/m  ratio  dependents  on  magnetic  system  size. 

,3'  The  dominant  effect  which  reduces  c  is  the  dependence  of  skin  depth  cn  the 
frequency.  PED  designs  should  be  independent  of  frequency  below  50  Hz. 

(4s  PED  damping  should  be  independent  of  amplitude  fcr  expected  LSS  vibrational 
amipli'udes. 

1 5;  RED  damping  should  vary  by  only  about  ±30%  over  the  full  150°C  space 
environment  temperature  variation. 

E:<  Conp.ved  to  TMT  bending-mode,  active-damping  predictions,  for  a  roughly 
equ;.e!eoi  ■'/■eight  damping  system  (8  lbs  -  actually  the  total  active  damping  actuator 
way the  AM-PED  weight),  the  AM-PED  is  more  effective  than  active 
■  :>■  y  f  RT  D  damping  is  expected  to  be  about  11%.  The  largest  active  damping 
m  a  pec4  •  so  oo  9  4%  for  the  first  bending  mode.  The  AM-PED  is  not  only  expected  to 
b  -  m  ■  -  .  f(.  acvve  damping  in  performance  but  more  reliable  and  cost  effective.  The 
2  hr  -1'  mg. lire  a  power  supply,  motion  sensors  or  a  computer  ccmi  oi 

--ym 

•  "mm  of  the  AM-PED  damper  is  only  s-  n?!y  decreased  (23%-  be  tow 
tr-»  "M  r.  for  the  free  TMT  (analysis  not  presented  in  this  paper). 

E  i-  system  is  expected  to  be  comparable  or  superior  to  VEM  strut 
-  r  performance,  should  weigh  less  and  be  far  superior  wltu  p*:-c* 
-  .*o  ' r. .  outgassmg,  and  calCuiability. 
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A  METHOD  FOR  THE  MEASUREMENT  OF 
THE  COMPLEX  COMPRESSIONAL 
MODULUS  OF  THIS  LAYERS 
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ABSTRACT 

A  method  has  been  developed  for  the  direct  measurement  of  the  complex  com- 
pressional  modulus  of  thin  layers  at  low  frequencies.  The  test  method  utilizes  an 
electrodynamic  shaker  and  a  special  test  fixture  which  maintains  the  plant-  strain 
state  of  the  thin  layer.  Preliminary  tests  have  been  performed  on  high  damping 
materials  with  good  results.  An  improved  version  of  the  test  fixture  is  being  de¬ 
signed  to  improve  the  infinitely  distant  boundary  condition  simula"  u. 
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THE  EVALUATION  OF  YOUNG'S  COMPLEX  MODULUS  OF 
VISCOELASTIC  MATERIALS 
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rhe  method  is  readily  appiicatne  to  beams  with  coatings  of  viscoelastic  m  •;•*' 
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explained  by  the  fact  that  simpler  analytical  developments  and 
experimental  rigs  are  required. 

Van  Oort  [1]  and  Oberst  and  Frankenfeld  [2,3]  first  studied  the 
behaviour  of  thin  fixed-free  beams  coated  with  viscoelastic  materials  on 
one,  or  Doth  sides  (Van  Oort  only).  The  relationships  derived  by  Van  Oort, 
because  of  their  assumptions,  are  not  used  for  the  investigation  of 
vibration  damping  materials  having  a  high  loss  factor.  The  woo,  by  Oberst 
and  Franr.enfeio  was  aimed  at  vibration  damping  materials  having  a  low 
elast  c  modu'ns  E  and  a  high  loss  factor  q.  The  so-called  Oberst  beam 

method  has  since  oeen  generally  accepted  and  is  now  standardized  by  the 
D : N  [4]  and  the  ASTM  [5] 

Schwarz!  analyzed,  in  a  more  rigourous  manner,  vibrations  of  beam' 
made  up  of  two  viscoelastic  materials  [6]  He  concluded  that  Van  Oort  and 
Oberst  and  FranKenfeld  theories  were  simplified  versions  of  his  own 


approach  because,  in  their  assumptions,  they  had  neglected  the  effects  ot 
coupOnq  between  flexural  and  extenslonal  motions.  He  also  pointed  out 
mat,  tor  an  asymmetric  beam  made  of  two  materials  having  different  loss 
factors,  tar  neuti  a!  'ipre  was  moving  through  the  cross-section  at  a 
‘sequence  *wice  that  of  'lateral  vibrations 

4:  :s.  r.erwin  and  Onqar's  17]  analysis  was  developed  for  a  three- layer 
system  m  included  extern.-. lunal  anq  shear  type  damping  treatments,  to: 
plates  a:  .veil  for  beams  ;n  me  special  case  of  unconstrained  damping 


‘reatme-'t  of  a  beam  ( ze: 
to  those  reportec  py  Ober 


tme-  ness  of  third  layer),  RKU  equations  simplify 
f  and  -  ram  enf eld 
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Nashif  [8]  developed  a  method  using  the  ODerst  apparatus  [9]  witn  a 
metal  supporting  beam  coated  on  both  sides  with  equals  thicknesses  of  a 
viscoelastic  material  Sending  problems  at  high  -or  iow-  temperature 
caused  by  the  large  diference  between  thermal  coefficient  of  expansion  of 
viscoelastic  materials  and  metals  were  eliminated  s,ro: ismq’y,  no 
mention  to  Schwarzl's  (6j  neutral  fibre  movement  conclusion  was  maoe  by 
Nashif  to  further  justify  the  use  of  symmetric  spec  miens 

The  ASTM  has  published  a  “Standard  Method  for  Measuring  Vipraiion- 
Dampinq  Properties  of  Materials"  [5]  which  is  based  on  the  equations 
proposed  by  ODerst  arid  Frankenfeld,  Nashif  and  Ross,  Kerwin  and  J-uar. 
unfortunately,  these  methods  contain  a  number  of  assumptions  that  prevent 
them  from  being  generally  applicable 

-  The  damping  effects  of  the  supporting  material  are  neglected, 

-  Eigenvalues  equations  are  derived  without  considering  tne  effects 
of  damping  (added  stiffness,  Phase  lag,  etc ), 

rhe  global  loss  factor  s  calculated  with  methods  that  were 
developed  for  lightly  damped,  single  degree  of  freedom  systems 
Malt  power  tiandwidtn  or  logarithmic  decrement'1 


fp  eliminate  the  res  trie  ions  of  existing  -net  nods  an  aopr  each  uasM 
■in  :ne  shady  of  lateral  vibrations  of  roomer  cited  cantilever  beams  is 
propose'".:  it  is  an  extension  of  work  on  camping  properties  or  r , q ■  c 
^  \  y  '."is*  i  guy  and  Ev.ar  iwano-.mi  ;  f’fp.  Mm  o  rm  or.  .  ’  ■  PM;  . 

o: and  Tfr t  a  1 1  3j 
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THEORETICAL  ANALYSIS 


The  use  of  a  root-excited  beam  enables  one  to  use  both  amplitude  anc 
phase  lag  measurements  for  the  characterization  of  damping.  The 
viscoelastic  material's  elastic  modulus  arid  loss  factor  can  be  determined 
from  experimental  measurements,  without  using  any  approximations  or 
assumptions.  This  proves  valuable  particularly  for  materials  having  high 
loss  factors.  Symmetric  test  sections  are  used  so  that  the  neutral  fibre  is 
remains  m  the  geometric  center  of  the  cross-section  and  that  no  thermally 
induced  bending  occurs 


Figure  1:  Free  body  diagram  of  differential  element 

A  n  ee  body  diagram  of  a  differential  element  of  length  drof  a  beam 
is  shown  in  figure  1  By  eouatmg  tne  forces  in  the  Y  direction  to  the 
corresponding  mertia  force  anu  by  summing  the  moments  about  the 
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element's  center  of  gravity,  we  obtain  the  standard  equation  of  motion  to 
Euler  beams  (shear  and  rotatory  inertia  effects  neglected; 

m  a2y/at2  +  a2M/ax2  =  o  { 1 

where  m  is  the  mass  per  unit  length  From  the  classical  theory  of  our 
bending  of  beams,  the  bending  moment  ;s  related  to  the  lateral  motie 
through  the  flexural  rigidity  term  This  equation  can  be  acplieo  t 
viscoelastic  materials  by  replacing  the  standard  elastic  Young  s  modulus 
by  the  complex  modulus  E*.  We  then  have 
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Figure  2:  T esi  beam  geometry  anc  fwSt  layout 
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m  =  E*  i  a2y/aX2 


(2) 


Combining  equations  ( 1 )  and  (2)  we  get 

m  a2y/at2  ♦  (E*  i)  a4y/ax4  =  0  (3) 

For  the  beam  shown  In  the  test  section  schematic  view  (figure  2), 
mass,  stiffness  and  inertia  properties  are 


m  -  piSi  +  P2S2  -  pibhi  +  2p2bh2 

(4) 

E*  1  =  E  i  ( 1 +  lr]  i )  1 1  +  Ej(  1  +  ir)2 )  i  2 

(5) 

h  =  bh,3/i2 

(6) 

i 2  =  oh|2h2/2  *  bh,h22  -  2bh23/3 

(7) 

the  use  of  the  following  parameters 

H  =  h2/'h] 

<3) 

K  m  =  6H  *  i  2H2  ♦  8H? 

(9) 

equations  (3)  to  (7)  give 
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12  (pi  ♦  2p2H)  d2y/at2  - 

hi2  {E i ( 1 +  Irj i ) +  Kh  E2(  1 +  irj2)}  34y/dx4  =  0  ( 1 0) 

By  separating  space  and  time  solutions  and  by  defining  the  q 
par  ameter  as 


q4  = _ _ 12iai- 2fi2hLU£ _ 

hi2  C(E i Kh  E2)  +  KqiEi+  Knr|2E2)) 


we  have 


d4Y/dx4  -  q4  Y  =  0 


( 1 


«  o  \ 


For  the  beam  shown  in  figure  2,  the  boundary  conditions  are 

Y  =  Yo  dY/dx  =  0  at  x  =  0, 

d2Y/dx2  =  o  d3Y/dx3  =  0  at  x  =  L.  U  3) 

Only  the  motion  at  the  free  end  is  of  interest.  It  is  found  by  solving 
equation  (12)  with  the  above  boundary  conditions  and  then  putting  x=L 
Divdinq  by  the  motion  at  the  driven  end  gives  tne  ratio  of  amplitade  AR 
and  the  phase  lag  0  between  the  free  3nd  driven  ends 

AP  e-'8  =  CQS  ¥  sLXq£h_HL  ' ;  ; 

1 +  cos  ¥  osh  y 
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where 


12-ig.i  ♦  2p?Hl.tflL4. 


h)2  ((£}•*•  Kh  E2)  +  Kh r|2E2)) 


1/4  =  qL  =  <x  ♦  i  (3 


Equation  (14)  can  be  transformed  into  two  functions  of  unknown 
parameters  a  and  p  by  equating  the  real  and  imaginary  parts  on  both  sides 
of  the  equation.  Once  simplified,  these  two  functions  are 


AR  { 1  +  cos  <x  cos  p  cosh  <x  cosh  p  ♦  sin  oc  sin  p  slnh  <x  stnh  p  ) 

-  cos  8  (cos  a  cosh  p  ♦  cosh  a  cos  p ) 

-  sin  0  (sir.  a  sinh  p  -  sinh  a  sin  p)  =0  06) 

and 


AR  (cos  a  sin  p  sinh  <x  cosh  p  -  sin  <x  cos  p  cosh  a  slnh  p  ) 

-  cos  8  (sin  a  sinh  p  -  sinh  «x  sin  p  i 

-  sin  0  (cos  tx  cosh  p  +  cosh  a  cos  p )  =0  (17) 


These  non-linear  equations  are  solved  numerically  by  a  Newton- 
Raphson  scheme  [14],  Reasonably  close  starting  values  («o,  ft)  are  required. 
For  that  purpose,  we  define  the  following  two  parameters 


ana 


1 2  (pi  +  2p2H) 


(18) 
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B  =  Q2JL2) 

!  2  to  (pi  4  2p2H) 


(19) 


Equation  ( 1 2)  then  becomes 

(A  4  iuB)  d4Y/dx4  -  to-  Y  =  0  (20) 

which  is  identical  to  equation  (10)  in  Strel las  paper  [13],  With  the  current 
symbols,  equations  (30),  (31 )  and  (32)  of  Strella  become 

A  = 

B  =  EJJL  11.0  ttr-L2! 
a03  ( 16  a02  -  F2) 


11^-131 


( 16  a02  -  F2) 


5  4?3  +  2 /T5Q2  +  6. 1 5  Aff 

1  689  AR2 


wnere  av  is  a  resonant  frequency,  a<>  is  the  eigenvalue  of  the  equ'vaiem 
rn:v.,a  romper  for  a  fixed-free  beam  (a<>  =  l  875,  4  694,  7  855,  etc )  ar.q  AR 
is  as  previously  defined  Approximate  values  for  E2  and  are  four  d  w’tr 
eq'iat’ons  ( 18)  and  ( 19)  These  approximations  are  given  by 
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(.24) 


E<)2  =  12ipi  l  2p2HIA -  £1 

KHh2  Kh 


and 

H02  =  121{L\  +  2p2N),ttr-fc~  _giEi  (-5) 

Kh  hi2  E02  Kh  E02 

We  then  obtain  from  equation  ( 1 5) 

<xo  =  VR  cos  (#/4) 

po  =  VR  sin  (4/4)  (26) 

where 

R-  —  JL21gi  ♦  2p?H).iPr?.L4  (27) 

hi2  -/((Ei*  Kh  E02)2  +  <rj  1 E t»-  Kht^Eop^ 

and 

♦  "  tQ  '  El 525h JQ02£o2^  (^8' 

•  Em  Kh  Eqj) 

These  starting  values  «o  and  Po  are  now  used  to  iterate  to  the  final 
solution  'oraand  p  with  the  Newton-Raphson  method  The  numerical  value 
of  the  complex  angle  ▼  =  (oa-ip)  is  now  known  Again  rearranging  equation 
( 1 5),  we  obtain 
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(29) 


l  -  record  the  following  parameters,  with  appropriate  units:  L ,  pi ,  hj , 
Ei  Hi  P2  and  &2. 

2-  evaluate  H  and  Kh  with  eauations  (8)  and  '9), 

3-  record  amplification  AR,  phase  lag  8.  resonant  frequency  «r  and 
mode  number  so  that  Strella's  approximate  method  can  be  used  as  a  f,rs- 
approximatton, 

4-  evaluate  A,  8  and  F  as  per  eauations  (21).  (22)  and  (23)  with 
appropriate  resonant  frequency  %  and  eiqenvame  ao. 


CPB-ll 


5-  evaluate  E<>2  and  i$2  with  equations  (24)  and  (25), 

6-  find  starting  values  00  and  Po  with  equations  (26),  (27)  ana  (28), 

7-  iterate  toward  final  values  a  and  p, 

8-  evaluate  elastic  modulus  E2  and  loss  factor  with  equations 
(30)  and  (31). 


CONCLUSIONS  AND  RECOMMENDATIONS 

When  testing  a  non-sel f-support mg  material,  the  support  oeam  can 
be  manufactured  out  of  a  viscoelastic  material  because  its  own  damping 
characteristics  were  carried  throughout  the  derivation  of  the  equations 
For  self  supporting  materials  that  can  be  shaped  as  a  beam,  the  equations 
defined  in  this  paper  are  simplified  by  eliminating  all  terms  containing  2 
as  a  subscript  The  equations  then  become  identical  as  those  derived  by 
Qstiguy  and  Evan-lwanowski  [10], 

An  experimental  setup  similar  to  those  used  by  Ostiguy  and  Evan- 
lwanowski  [10]  or  Strella  [13]  is  recommended,  Strella's  setup  is 
particularly  useful  because  it  allows  quick  free  length  changes  to  be  made 
Tne  length/ thickness  ratio  should  remain  greater  than  50  so  that  shear  and 
inertia  effects  can  be  neglected  Non-contacting  electro-optical  or  laser 
instrumentation  should  be  used  for  amplitude  and  phase  lag  measurements 
Tests  should  be  done  inside  an  environmental  chamber  to  evaluate  tne 
effects  of  temperature,  humidity,  vacuum,  etc  Freauency  and  temperature 
effects  can  be  combined,  with  the  use  of  a  reduced  frequency  nomogram 
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[15,  161,  to  provide  a  complete  description  of  damping  properties  of  a 
material  on  a  single  chart 

The  approach  proposed  in  this  pacer  scows  one  to  evaluate  quick iy 
and  precisely  the  Young's  complex  modulus  of  viscoelastic  materials 
Additional  work  is  being  done  to  adapt  this  method  for  complex  shear 
modulus  evaluation.  The  method  can  pe  used  for  any  material,  without  any 
restriction.  It  is  fast,  accurate  and  its  repeatability  has  been  demonstrated 
[10]  it  brings  significant  improvements  over  existing  test  methods 
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NOMENCLATURE 

eigenvalues  for  a  clamped-free  beam 
parameters  defined  by  equations  (18)  and  (19) 
amplitude  ratio  of  free  vs  driven  end 
beam  width  (m) 

elastic  modulus,  real  part  of  E*  (N/m2) 
approximate  value  of  E  (N/m?) 

Young  s  complex  modulus  (N/m?) 
parameter  defined  in  reference  [13] 
complex  shear  modulus  (N/m?) 
thickness  (m) 
thickness  ratio 

unit  imaginary  number  (1?  =  - 1 ) 
area  moment  of  inertia  (m4) 

*  6H  ♦  1 2H?  -  8H3 

free  length  of  beam  (m) 

mass  per  unit  length  (kg/m) 

bending  moment  (N  m) 

complex  frequency  parameter 

parameter  defined  by  equation  (27) 

cross-section  (m?) 

time  s) 

shear  force  (N) 

station  along  beam  (rn) 
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y(v,t) 

transverse  displacement  of  oeam  ("■) 

YU) 

vibration  amplitude  (rn) 

vibration  amplitude  at  C'lven  end  Ur, 

yl 

vibration  amplitude  at  t'ee  end  (m t 

*.P 

real  ana  imaginary  partc  of  ^ 

*0,  Po 

approximate  values  of  a  ana  p 

n 

loss  factor 

no 

approximate  value  of  r| 

A 

angular  deformation  (rac) 

e 

phase  lag  between  free  and  driven  ends  'ran- 

p 

density  (kg/rnU 

♦ 

angie  defined  by  equation  '26)  Uad) 

V 

complex  angle  Uaa; 

(Jl) 

circu'ar  frecuency  of  vie r at i or  f rad/c. i 

UJr 

resonan*  Ueaueopy  '-ad/c; 

subscript  f or  Dearri  mates  iais 
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ROLE  OF  MORPHOLOGY  IN  DAMPING 

EFFICIENCY 


L.  H.  Sperling1 
Lehigh  University 
Bethlehem,  PA 

J.  J.  Fay 

Lehigh  University 
Bethlehem,  PA 

D.  A.  Thomas 
Lehigh  University 
Bethlehem,  PA 

ABSTRACT 

The  role  of  multiphase  morphology  in  clamping  was  explored  using  interpenetrating 
polymer  networks  and  lat«="  blends.  Several  polymer  combinations  were  employed 
as  model  materials.  The  ncluded  acrylics  and  methacrylics,  styrenics,  polybuta¬ 
diene,  and  poly(vinyl  methyl  ether).  The  loss  area,  LA,  under  the  E”-temperature 
curves  was  measured  on  a  Rheovibron  at  110  Biz.  The  results  were  compared  to 
one-phased  statistical  copolymers. 

Several  IPN  compositions  were  found  which  damp  more  than  expected,  based 
on  the  group  contribution  analysis  found  to  hold  for  homopolymers  and  one-phased 
statistical  copolymers.  The  damping  increases  are  interpreted  in  terms  of  phase 
continuity  and  stiffness.  In  general,  high  tarn*'  values  would  be  expected  in  mor¬ 
phologies  where  the  lower  glass  transition  polymer  forms  the  continuous  phase,  and 
the  h.  'her  glass  transition  polymer  forms  the  discontinuous  phase. 
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THE  THERMORHEOLOGICALLY  COMPLEX 

MATERIAL 


Ronald  L.  Bagley1 
Air  Force  Institute  of  Technology 
Wright-Patterson  Air  Force  Base,  OH 

ABSTRACT 

An  approximate  quantum  mechanical  description  of  molecular  energy  transitions 
leads  to  fractional  order  time  derivative  descriptions  of  linear  viscoelastic  stress  re¬ 
laxation  in  polymers.  The  resulting  fractional  calculus  stress-strain  constitutive  laws 
are  mathematically  compact  and  suitable  lor  rheological  and  engineering  analyses. 
The  mathematical  form  of  the  models  suggests  a  modification  to  the  thermorhe- 
ologically  simple  material  that  enables  the  description  of  temperature-dependent 
changes  to  the  shape  of  curves  representing  a  material’s  modulus  in  the  transition 
region.  The  fractional  calculus  models  are  seen  to  be  extensions  of  the  traditional 
exponential  models  of  stress  relaxation. 
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METHODS  OF  REDUCTION  OF  WIND  INDUCED  DYNAMIC  RESPONSE  IN  SOLAR 
CONCENTRATORS  AND  OTHER  SMALL  LIGHTWEIGHT  STRUCTURES 


Monte  A.  McGlaun 
LaJet  Energy  Company 


ABSTRACT: 

Wind  tunnel  studies  indicate  that  solar  concentrator  structures  with  low  damping 
properties  are  susceptible  to  dynamic  wind  loading  characteristic  of  the  earth’s  boundary  layer. 
Solar  concentrators  are  sensitive  to  deflections  in  optical  systems  and  can  be  costly  when 
required  to  have  minimal  deflections.  The  cost  and  performance  characteristics  can  be 
improved  through  structural  design  approaches  to  reduce  dynamic  response.  11ns  study 
evaluates  the  benefits  of  various  methods  to  control  dynamic  response:  passive  damping, 
multiple  supports,  friction  connections,  mass  alterations,  and  beam  length  modifications. 

The  Modal  Strain  Energy  Method  (MSEM)  is  an  efficient  analysis  tool  for  evaluating 
overall  structural  damping  on  complex  structures.  Modal  strain  energies  were  found  using  a 
finite  element  analysis  structural  program.  The  MSEM  was  used  to  analyze  the  complex 
structure  of  the  LaJet  Energy  LEC  1900  Solar  Concentrator.  MSEM  methodologies  are 
described  in-depth. 

Viscoelastic  (passive)  damping  and  bracing  were  found  most  efficient  at  reducing  dynamic 
response  in  the  structure.  Braces  were  located  to  develop  large  modal  strain  energies.  When 
bracing  and  damping  were  located  to  develop  high  modal  strain  energy  for  particular  modes, 
system  loss  factors  were  notably  improved.  Damping  was  effective  when  radial  girders  were 
dynamically  involved  in  the  mode  shape  definition. 


Monte  A.  McCilaun,  P.E. 
Director  of  R  &  D 
LaJet  Energy  Company 
3130  A  mi  |  ley  Road 
Abilene,  TX  7%0(> 
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1.0  INTRODUCTION 

1.1.  PROJECT  OBJECTIVE:  To  apply  the  modal  strain  energy  method  (MSEM)  to  design 

damping  and  bracing  to  achieve  greater  dynamic  stabiltiy  in  a 
large  solar  concentrator  dish. 

12.  FUNDING  OF  STUDY:  SBIR  Program,  DOE  Contract  No.  DE-AC05-87/ER805 19 

DOE  Report  No.  DOE/ER/80519-1 

13.  BACKGROUND 

LaJet  Energy  has  designed,  built,  tested,  and  marketed  solar  concentrators  since  1978.  In 
1983  and  with  internal  dollars  and  private  funding  LaJet  Energy  designed  and  buily 
SOLARPLANT  1,  a  solar  thermal  electric-generating  power  plant  at  Warner  Springs, 
California  with  700  LEC  460  solar  concentrators. 
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Figure  1  -  LaJet  Energy’s  DOE  Innovative  Concentrator  Overall  Side  View 

(from  the  east) 


LaJet  Energy’s  solar  concentrator  technology  is  licensed  to  Cummins  Power  Generation  (a 
wholly  owned  subsidiary  of  Cummins  Engine  Company)  for  worldwide  sales  for  electrical 
production.  Cummins  is  funding  the  commercialization  of  a  free-piston  Stirling  engine  -  solar 
concentrator  electrical  production  system.  The  project  is  in  the  second  year  of  a  five  year 
program. 

The  structural  design  used  in  this  study  is  designated  the  Large  Scale  Innovative  Concentrator 
(IC).  LaJet  Energy  designed  the  IC  under  U.  S.  Department  of  Energy  (DOE)  cost-share 
agreement  (DE-FC04-85  17130171 ). 
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The  1C  accommodates  95  silver  polymer  film  mirrors  to  reflect  135kw,h  through  a  20  inch 
diameter  aperture.  Figure  1  shows  the  1C  at  solar  noon  and  at  the  vernal  or  autumnal  equinox. 
The  structure  is  comprised  of  a  stationary  support  system  and  a  tracking  support  system.  The 
platform,  interface,  and  cantilever  are  the  stationary  structure.  The  lower  mast,  girders,  space 
frames,  mirror  facets,  tripods,  and  receiver  are  the  tracking  assembly. 

The  tracking  functions  are  performed  under  microprocessor  control  that  operates  one  or  both 
of  the  two  drive  motors  to  keep  the  optical  axis  (global  z  axis)  pointed  to  the  sun.  The  array 
of  concave  mirrors  reflects  and  focuses  the  incoming  solar  radiation  into  an  opening  in  the 
bottom  of  the  receiver.  The  receiver  can  be  any  device  designed  to  accept  concentrated  solar 
radiation  for  a  purpose  such  as  creating  steam,  generating  electricity,  or  high  temperature 
materials  processing. 

2.0  STRUCTURAL  LOADING 

2.1.  GRAVITY 

The  LaJet  Energy  solar  concentrator  structures  have  high  strength-to-weight  ratios;  therefore, 
gravity  loading  is  usually  secondary  to  wind  loading.  Ice  and  snow  loading  in  the  northern 
tier  locations  may  be  large  and  require  special  design  situations  (solar  devices  ore  more  likely 
to  be  located  in  warmer  climates). 

2.2.  WIND 

Wind  is  characterized  as  a  spectral  loading,  and  the  majority  of  energy  imparted  occurs  at 
excitation  frequencies  up  to  30  Hz.  Since  solar  dishes  have  very  large  surface  areas,  wind  is 
the  primary  loading.  Wind  forces  near  the  earth  have  a  turbulent  boundary'  layer  with 
characteristics  that  depend  on  the  roughness  of  the  surrounding  terrain.  A  model  of  the 
structure  under  study  was  tested  in  the  boundary  layer  wind  tunnel  at  Colorado  State  University 
to  determine  the  loads  at  the  main  pivots  of  the  tracking  array  but  not  the  distributed  loads 

m 

2.3.  APPLICATIONS 

For  example  free  piston  Stirling  engines  are  currently  being  tested  or.  the  LaJet  Energy 
Concentre*  >rs  by  Cummins  Power  Generation.  The  engine  operates  at  bO  Hz  and  a  5  mm 
amplitude.  The  mass  of  the  associated  engine  mounting  components  on  the  solar  o  •ncemrator 
reduce  the  amplitude  by  the  inverse  ratio  of  the  masses.  The  concentrators  have  not  exhibited 
destructive  modes  in  the  region  of  60  Hz.  Application  dynamic  loading  is  le  w  of  a  design 
issue  than  gravity  considerations. 

2.4.  SEISMIC 

The  primary  destructive  mode  of  seismic  activity  is  through  the  application  of  l;ric".'.l  forces. 
Since  the  dish  is  designed  for  wind  acting  as  a  large  lateral  load  and  since  the  dish  !  as  V  -p 
strength-to-weight  ratio,  seismic  loading  is  always  evaluated  by  is  typically  a  secondary  factoi 
of  design. 


3.0  ANALYTICAL  MODEL  DEVELOPMENT 


3.1.  FINITE  ELEMENT  ANALYSIS  (IMAGES  3D) 

IMAGES3D  Finite  Element  Analysis  Program  is  a  copyright  of  Celestial  Software,  Inc.,  125 
University  Avenue,  Berkeley,  CA  94710,  telephone  (415)  420-0300  [13].  The  distribution  of 
the  components  of  the  finite  element  model  of  the  tracking  portion  of  the  IC  is  shown.  All 
materials  used  in  the  As-Designed  model  were  steel.  The  components  of  the  IC  have  been 
sized,  modeled,  and  constructed  as  shown  in  the  tables  following: 


696  node  points  to  describe  the  geometry 

986  beam  elements  drawn  from  20  different  cross-sections 

290  plate  elements  to  describe  the  18  inch  diameter,  3/4  inch  wall  Lower  Mast. 

Girders 

5.56"  O.D.  x  .188"  wall 

Tripods 

8.625"  O.D.  x  .188"  wall 

Space  Frame  Beams 

a.  1.00"  O.D.  x  .035"  wall 

b.  1. 25"  O.D.  x. 035"  wall 

c.  1.163"  O.D.  x  .057"  wall 

d.  1.5 10"  O.D.  x. 065"  wall 

Lower  Mast 

18"  O.D.  x  .75"  wall 

Simulated  Engine  Weight 

4,400  lbf  at  z  =  509  inches 

Table  1  -  Structural  &  FEM  Components  for  the  As-Designed  IC 
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FIGURE  3  -  PHOTO  OF  1C  IN  THE  ORIGINAL  CONFIGURATION  IN  WESTERLY 

CONFIGURATIONS 
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3 2.  MODAL  STRAIN  ENERGY  COMPUTATION 


TABLE  2  -  Modal  Strain  Energy  Analysis  Flow  Chart 


In  the  following  tables,  successive  derived  mode  shapes  are  presented  graphically.  The  center 
panel  is  the  undeformed  geometry,  the  left  panel  subtracts  100  times  the  modal  deflections, 
and  the  right  panel  adds  100  times  the  modal  deflection.  Therefore,  a  sense  of  the  computer 
mode  shape  animation  can  be  derived  from  looking  left  to  right.  For  the  As-Built  analysis  the 
material  ioss  factor,  p,  is  taken  at  a  very'  low  value  of  .001  since  all  materials  are  metal. 


3.3.  AS-DESIGNED  MODAL  ANALYSIS 
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Figure  5  -  Undamped  Mode  Shape  2  of  As-Designed  1C 


Figure  6  -  Undamped  Mode  Shape  3  of  As- Designed  IC 


Figure  7  -  Undamped  Mode  Shape  4  of  As-Designed  IC 
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Figure  8  -  Undamped  Mode  Shape  5  of  As-Designed  1C 

4.0  STRUCTURAL  BRACING  AND  DAMPING 

Figures  show  stiffeners  and  dampers  for  the  Girders  and  Tripods  on  the  Innovative 
Concentrator.  Two  options  were  analyzed:  stiffeners  only  and  stiffeners  with  dampers.  A  choice 
was  made  based  on  experience  with  the  1C  structure  to  install  stiffeners  and  dampers  sized 
as  shown  in  the  Table. 


Stiffener- 

3"  O.D.  with  .086"  wall,  A  =  .7854  in2, 1  =  .8345  in4 

Viscoelastic  Dampers 

6"  O.D.  with  A  =  28.3  in2,  i  -.3.08  in4,  thickness  =  .25"  ofp  = 
1.0  material,  Two  .375"  steel  plates 

Table  3  -  Stiffener  and  Damper  Selections 


Young's  Modulus,  linear  elastic 

/•  =  1  .(Vd'.i  km  ; 

Weight  density 

r>,  .00  1  lb  ,/in 3 

Poisson's  Ratio 

V  ~  .  ') 

c.  ■  .11/  km 

Shear  Modulus,  linear  elastic 

Coeff.  of  Thermal  {.expansion 

Not  Used  1 

Figure  1 1  -  Girder  Lateral  Stiffener  Positions 

5.0  DAMPED  AND  STIFFENED  RESULTS 

The  following  mode  is  a  typical  indication  that  the  damper  location  was  selected  correctly  to 
develop  largest  strain  energies.  With  the  high  loss  factors  of  a  viscoelastic  damper,  the  loss 
product  sum  for  the  structure  is  much  larger  than  for  the  undamped  structure.  Note  that  the 
system  loss  factor  is  dramatically  increased  with  the  addition  of  a  dampers  in  relatively  few 
locations. 
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Figure  12  -  MODE  SHAPE  5  OF  DAMPED  AND  STIFFENED  1C 
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FIGURE  13  -  PHOTO  OF  IC  IN  THE  STIFFENED  CONFIGURATION 

The  modal  frequency  of  a  single  degree-of-freedom  mass-spring-damper  system  is 
U)  =  ( k  /  rn ) 1  .  Therefore,  it  is  to  be  expected  that  the  addition  of  bracing  to  the  Innovative 

Concentrator  structure  will  raise  the  modal  frequencies.  Since  hysteretic  damping  is  modeled 
as  a  very  low  stiffness  element  within  the  finite  element  model,  damping  should  reduce  the 
modal  frequencies  below  the  stiffened  only  model.  The  Figure  below  is  a  plot  of  the  modal 
frequencies  for  the  three  cases  analyzed  and  for  the  first  fifteen  modes,  and  shows  that  the 
expected  trends  in  modal  frequency  occur  as  expected.  The  frequencies  follow  the  same 
general  tendency  until  Mode  10  where  the  Tripod  excitation  dominates  the  response.  In  the 
stiffened  only  and  damped  and  stiffened  runs,  the  Tripod  members  are  braced  which  raises  the 
resonant  frequency. 

Modes  1  and  2  are  essentially  the  same  for  all  the  structural  cases  explored.  Mode  1  has  a 
4 1.7  second  period  which  is  accompanied  by  low  excitation  energy.  Mode  2  is  readily  observed 
on  both  the  LEC  460  and  the  IC  and  is  a  gross  rotation  about  the  z-axis  (optical  axis)  of  the 
dish.  The  z-rotation  results  in  a  widely  distributed  low  stress  level. 

Dampers  on  the  in-plane  Tripod  braces  did  not  develop  large  strain  energies  for  any  of  the 
modes.  jqucntly,  where  the  mode  shapes  involved  large  modal  activity  of  the  Girders, 
the  system  loss  factor  was  high.  Conversely,  if  the  Trinod  modal  strain  energies  dominated 
the  mode  shape  Mum. .my,  then  the  system  loss  factoi  was  low.  l’he  graph  in  Figure  below 
shows  the  system  loss  factor  for  each  Mode.  Note  that  Modes  3,  5,  6,  7,  9,  and  10  have  large 
Girder  related  modal  sttain  energies  and,  as  a  result,  have  larger  system  loss  factors. 
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Figure  14  -  Modal  Frequencies 
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Figure  15  -  System  Loss  Factors  vs.  Mode  Numbers 

Modal  strain  energy  is  developed  in  all  portions  of  the  structure.  The  Lower  Mast  was  modeled 
with  plate  elements  while  the  balance  of  the  structure  was  modeled  with  beam  elements.  The 
strain  energy  associated  with  the  Lower  Mast  was  lower  for  all  modes  but  Modes  1  and  2. 
Damping  would  be  difficult  to  apply  to  the  Lower  Mast,  and  its  lower  modal  strain  energy 
values  indicate  that  damping  the  Lxjwer  Mast  would  be  marginally  effective  in  increasing  the 
system  loss  factor  and  reducing  dynamic  response.  Therefore,  damping  was  not  considered 
for  the  Lower  Mast  in  this  study.  The  Figures  below  show  the  total  modal  strain  energy  by 
mode  for  both  beam  and  plate  elements  for  each  analysis. 
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Figure  16  -  Total  Modal  Strain  Energy  by  Mode  Number 


Figure  17  -  Total  Beam  Modal  Strain  Energy  try  Mode  Number 
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Figure  18  -  Total  Plate  Modal  Strain  Energy  by  Mode  Number 

6.0  CONCLUSIONS  &  OBSERVATIONS 

■  The  MSEM  is  efficient  and  easily  implemented  for  complex  structures. 

■  The  MSEM  is  an  effective  means  to  identify  wind  induced  modal  deflections  that  can 
effect  the  optical  stability  of  solar  concentrators. 

■  Bracing  to  reduce  modal  deflections  was  identified  by  the  MSEM  was  installed  on  the 
structure  studied. 

■  As  an  added  benefit,  bracing  to  reduce  modal  deflections  of  long  slender  elements  will 
provide  lateral  stability  against  elastic  buckling. 

•  Damping  has  the  potential  of  improving  solar  concentrator  performance,  survivability, 
durability,  reliability,  and  cost. 
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1.0  INTRODUCTION 


A  tracitior.a.  resign  approaca  *  •  r-  uu  >■  man" 

or  add  mass  -  00:. a  approaches  typica.w  -  a::  mere ... 

approaches  are  not  viable  in  today  s  design  environment 
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properiv  integrate  damping  technology  into  the  •  tree  fare  0 
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icessarv  use  aaa-on  damning  tree  ropt-r.-. 


-  O 1  •  -  p 


turd  increase  structural  fatigue  life  v.utncut  sigmhcant  eigr.'  u  '  uses, 
strap  lifted  ar.aiyticai  equations  are  prerequisite  -  good  struct  1:  >.i  br-.ir: 

A  oracticai  stand-off  damping  treatment  ;or  a  beam  structural  e 
is  one  variation  cf  constrained-layer  damping  A  -  4i.  has  been  recent; 

Si.  This  treatment  consists  of  a  stand-off  layer,  'he  viscoelastic  ua’t-r; 
constraining  layer  attached  to  the  base  beam  structure!  Figure  .’. : .  The  d; 
considered  in  this  report  consist  of  the  same  treatment  with  another  lave 
layer  added  between  the  base  oeam  and  tne  stand-off  layer  .Figure  2). 
this  report  is  to  document  the  analysis  and  application  of  this  nve-iayer-bear 
system. 

The  repor*  includes  the  derivation  of  equations  and  a  description  :f  a  zr 
pose  computer  program  V5LBD  (viscoelastic  ffve-layer  beam  camping: 
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)  ot  this  report  present  theory  and  derivation  r: 
lection  4.0  -discusses  the  deveioDment  of  ViLBD  which  ci. 
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"his  technology  can  be  used  bv 
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2.0  derivation  of  governing  equations 

The  five-iaver  simpiy-supporteci  beam  moce:  :s  depic:ed  :r.  Figure  2.  The  principal 
assumptions  us6d  to  tr.o  ^ o ^ ° r r. i n,"r  ooit— tions 

1.  Only  bending  and  shear  deformations  are  consiaereo.  In-plane  extensionai 
strains  are  assumed  to  De  smail  and  negligible. 

2.  Bending  deformations  are  governed  by  ciassicai  Euier- Bernoulli  beam,  theory 

[I0j. 

2.  Shear  deformations  of  the  base  structure  and  constraining  layer  (Figure  3)  are 
identical.  The  principal  shearing-energy  dissipation  mechanism  occurs  in  the 
viscoelastic  damping  layers  (layers  2  and  4)  since  the  shear  stiffnesses  of  these 
layers  are  much  lower  than  those  of  the  other  layers. 

It  is  implicitly  assumed  that  the  structural  and  constraining  layers  are  made  of  metallic 
materials,  whereas  the  spacing  and  damping  layers  are  made  of  polymeric  compounds. 
Additional  assumptions  required  to  complete  the  development  axe  presented  as  re¬ 
quired. 

The  extensionai  stress  (a)  in  each  layer  is  given  by  the  following  equation: 

tffc  =  Ektk,  k  -  1 . 5  (1) 

where  Ek  and  ck  are  The  Youngs  modulus  of  elasticity  and  strain  respectively. 

The  general  equation  for  the  extensionai  forces  (F)  can  be  written  ir.  the  form: 

Ffc  =  Ek(.kAk.  k  =  1 . 5  (2) 

where  Ak  is  the  cross  sectional  area  in  kth  laver. 

For  the  simplified,  one-dimensionai  analysis  cescnbed  beiow  the  sectionai  proper¬ 
ties,  namely,  centroid  location.  Z d  ,  and  fiexura:  rigidity.  £/,  are  needed.  As  shown  in 
Figure  3.  Zd  is  defined  to  be  the  distance  from  the  mid-plane  of  the  structural  layer  to 
the  sectional  centroid.  The  strain-displacement  relations  for  the  iavers  are: 


e,  =  Zd  o' 


=  (ffji  -  zd)o'  - 


(3) 


(4 1 


2CB-b 


—  {H$\  ~  Zd)a'  ~  {Hi  4-  Hi  -r  HA)v[  —  [Hi  4-  HA)yj'2  —  H+v 3 


where 

H-ix  —  \  [H\  4-  -ffo ) 

■^31  =  H2  -r  \{H\  —  Ff3) 

■S'm  =  H2  4-  H2  4-  \[H\  -f  Ha) 

H$\  =  Hi  ~  Hz~  H<  +  \{HX  ~#5) 

The  prime  represents  differentiation  with  respect  to  z. 

By  substituting  the  strain  equations  (3)  through  (7)  into  (2)  we  get  the  force  equa¬ 
tions: 


Fi  =  X\Zd<p'  (8) 

^2  =  A2  [(^21  -  Zd)<p'  -  ~rp\  (9) 

l.  w  J 

F3  =  X3  (F31  -  Zd)<p'  -  [H2  t  -  ^0j)  (10) 

**  “ 

f,  =  .v,  [(*„  -  z,)0'  -  (if,  -  ffj  +  ^1)0;  -  (ffj  +  £i)0i)  _  (U) 

F5  —  As  (H^  —  —  [H2  4-  iJ3  4-  Hi)ip\  —  [ff3  4-  H4)ijj'2  —  HitI/'z  (12) 

where 


Xk  =  EkHk  k  =  1 . 5 

Applying  the  requirement  for  equilibrium  of  in-plane  forces,  i.e., 


rrn-i n 


ana  simpur/mg  proauces  me  equation 


-  A',  -  A%  -  A3  -  A'<  +  X5 1  Zdo' 

-  f.YjJJ-,1  -  -Yjtfj,  -  X,B„  -  XiHil]*' 

L  J 

-  \x2?f  -  -r  ?X)  -  .y4(ff,  +  Hi-5i)  + 

-  [a-3^1  -  ,Y,(tfj  -  |i)  -  Xi[H}  -  B,)\ V4 

r  A*  1 

"^T  -r  A'5  hyj  s=  0 


A5(£f2  -r/f3+^)  0'l 


Equation  (15)  is  rearranged  to  give: 


X7n2l  -r  A3H31  v  A^  +  X$H$\  = 


+  [Yi  -  X2  -  A3  -  A,  -  AsJ  Z* 

+  [a'3  -  A'j(/f,  T  ^i)  +  .V4(ft +  A-S{ffj  -  F3  + 

-  |.V,4r  -  X.{X,  +  %)+  X,(S}  -  B<)j  4 

L  “  j  9 

(If 

The  equilibrium  equations  for  the  shear  forces  (r)  in  the  X-direction  are: 


F’  -  F' 
r  s 


•5  =  =  n 


(191 


where  G(.  is  the  shear  modulus  and  eg-  the  angle  of  deformation  m  the  Fh  layer  fsee 
Figure  3).  The  quantities  F\.  F[  and  F[  are  easily  obtained  by  differentiation  of 
cuuaIiuu:  (1C)  tiirougn  (12). 

At  this  point  in  the  derivation  it  is  necessary  to  assume  a  sinusoidai  mode  shape 
(which  satisfies  the  boundary  conditions  for  a  simply-supported  beam!  in  order  to 
determine  tyt,  ui  and  03  consistent  with  the  definition  of  loss  factor  presented  in  ( 1 2] . 
Assuming  for  simplicity  that 

w  =  sinKx  (20) 

then 


o  —  xu'  —  KcosKx 


(21) 


<j>'  —  ui"  =  —  K2  sinK  x 


(22) 


and 


<p"  =  w"'  =  ~KzcosK  x  (23) 

Substituting  equation  (21)  into  (23)  provides 

4>"  ~  -K2<p  (24) 


Assuming  that  cq,  02  ^d  ty3  have  the  same  distribution  as  tu,  uq.  ci,  and  03  are 
related  to  by 


0  j  —  Q I 


02  =  Q2© 


and 


03  --  a3<p 


(26) 


(27) 


where  the  a' s  are  coefficients  of  proportionality.  Subsequent  differentiations  of  Equa¬ 
tions  (25)  through  (27)  give 


a=i 


0[  =  0£ 

01  0“ 


(28) 


CCB-12 


anc 


Returning  to  equation  1 24)  ana  using  tr.e  relations  in  equations  (25)  through  (30), 
equation  (17;  can  be  written  as 

-Gn\py  =  \XSiHi:  ~  Zd  1  +  X<{E4i  -  Zd)  *T  X3(i?r_  -  Zrf)  ]  <?>" 

A  -  L  J 

-  |  Xj{Hi  -  Hi  -  H<)  -  X,[H-.  -  /f3  -r  ^}-  A3(72  -r 

-  :  Xs(H3  -  h\;  ~  X<[X3  -  -^1  -  X3~~  I  tin' 

-  J 

-  !  X5  H ,  -r  V4  -  A%  ~ ;  C-3  (31) 


Finally,  equation  (31)  can  written  in  the  iorm: 


A07Si  -  Zd)  -  X<{H<x  -  Z,)  -  X3(Eu  -  Z,)i  = 


-  fj|  -  A'5(FT2  +  73  -  *0  -  Xi[Hi  -  A  3-  +  X3{Hi  -r  ^)] 


-  !A;(a,  *  .70  4  A<(73 


*  y  ^3  =  ^1 

2  y  A3  2  :  o,s 


I  y  7  y  ^  ■  v  Hz !  ^ 
-  i  A  5  A  4  -  A  ^  — A  3  —  ;  — t 


similar, 11 


ec  nation  ( IS)  is  written  as 


G 1  U- i  ’  r~  /  r.r  "  '  t r  i  t  \  I  ill 

r  -  1  :  -  ^  5  i  j  1  L  ij  j  A  4  i  ri  A  1  L  d )  |  <p 

A  -  L  j 

-  rr 

-  j  A'c  ( H  2  -  H,  -r  70  -  A\(72  -  73  -r  ~)|  A' 


■  tr  (  rr  r"\  t "  f 

-  !  A^Aj  -  Av)  -  Aj:  A 


A  ,  . 

~T  )  i  A 


!  X'  rr  v  J '  *  ’> 

'  A  s  r:  A  -  A4  -r  .  ay 


Rear 'an  gin.;  equation  :  33)  gives 


-•A sf75i  -  Z,)A  V.(//v  -a  7 3  +  70iuq 


-  '-A'A  -//. 


Thus  equations  (17),  (18),  and  (19)  are  replaced  by  equations  (32),  (34),  and  (261 
respectively. 

Since  the  assumption  that  plane  sections  remain  plane  is  being  used,  the  bending 
moment  M  can  be  related  to  deflection  by 

El  o'  =  M  (371 

where  El  is  the  flexural  rigidity.  The  total  bending  moment  is  expressed  by 
5  5 

M  =  Y.  Mu  +  E  -  Zi)  (381 

<C  = 1  fc=l 

where  Mkk  is  the  bending  moment  of  the  kth  layer  given  by 

Mfck  =  6'Ekh  (351 

Equations  (371  ind  (38)  define  the  flexural  rigidity  as  follows: 

El  =  |^|/j  -4  Eiii  -p  £"3/3  -4  £3/3  -c  £5/5 

+  AW  -  *,(£, ,  -  Za)2  +  AT3(£31  -  Zd)2  ~  .Y4(H„  -  Zd)2  -  A%(£SI  -  Zd)2' 

Y  h  H 

-  E2I2  +  £3/3  -  £4/4  H - _  Zd)  +  A”3 (£31  -  Zd)(H2  -r  ~ ) 

+  AT^(£m  -  Zd)(H2  -4  £3  +  -^r)  +  A's  (£51  —  Zd)(£2  +  £ 3  +  £3)  —7 

-  £3/3  -4  £,£  -  -Y3(£3,  -  Zd)  ^  A%(£41  -  Zd}(  £3  +  +  AT5(£51  -  Zd)(£3  +  £/)| 

-  A% (£41  -  Zd)^  +  AA(£5,  -  Zd) £4  *  £4/3)!^  (401 
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wnere: 


*T  ■  ' h  1  •  - 

dK  -  k  .aver  tnir-mess: 


.aver  censuv.  mass ; 


X  ~  mode  number:  and 


g  —  acceleration  o:  gravity. 


In  practice  tne  complex  modulus  is  evaluated  for  a  given  temperature  and  an  esti- 
matec  modal  frequency.  /,  The  modai  frequency  is  calculated  from  /y  and  compared 

to  the  convergence  criteria 

I  -  <  ‘FREQ  0.01  (48) 

If  this  condition  is  not  met.  the  new  estimated  frequency  is  taken  as  the  old  calculated 

frequency  and  the  process  repeated. 

FLrct- order  verification  of  the  equations  derived  for  the  five-layer  beam  damping 
system  was  made  by  comparing  predictions  with  those  for  a  degenerate  case.  This 
comparison  was  made  by  setting  the  fcur-iayer  beam  system  thicknesses  for  layers 
three  and  four  equal  to  zero  (stand-off  and  viscoelastic  layers)  in  the  five-layer  program 
and  thickness  for  layer  two  equal  to  zero  (stand-off  layer)  in  the  four-layer  program. 
Predicted  outputs  for  modai  loss  factor,  modal  frequency  ratio.  RMS  response  and 
peak  resonance  were  compared  and  found  to  be  identical  (See  Figures  4  and  5).  This 
comparison  partially  validates  tne  five- layer  equations,  but  other  extensive  comparisons 
beyond  the  scope  of  this  study  couid  be  made  to  totally  validate  them. 


;.0  COMPARISON  OF  RESPONSE 


The  on dam 
dergoiiig  slnu  o 


ped /  damped  amplitude  ratio  for  a  singie-degree-of-fre°dom  system  un- 


uai  excmtion  is 


ixar.undamr 


,  .  r ,  \ 

1 1  i  '  3  1 


where  m  it  the  w»:err  t;^r«r. m *.  <  :  the  structure.  The  subscript  "u"  refers  to  the  un¬ 
damped  base  struct  or*-  a  u  -  he  subscript  Nr  the  response  with  damping  treatment. 


The  roox-rrc.m-.-qu.irc  arno.ituoo  response  R'rmj,  is  obtained  by  using  the  equation 
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Output  Plot  lor  the  Four-Layer  Beam  Computer  Program 
Where  the  Stand-Off  Layer  (H2)  is  Set  at  Zero 
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derived  in  ,  1 3 i ;  which  is 
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The  undamped /damped  response  ratio  is  given  by 
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the  response  with  damping  treatment. 

In  summary  the  four  main  governing  equations  derived  are:  modal  loss  factor 
equation  which  results  by  solving  equation  (45)  and  calculating  the  response  ratio 
(46),  modal  frequency  equation  (47),  peak  amplitude  equation  (49).  and  RMS  response 
equation  (52). 


4.0  PROGRAM  DEVELOPMENT  AND  COMPUTATIONS 

An  overview  of  the  computer  program  \  5LBD  computations  scheme  is  presented 
m  the  now  diagram  shown  in  Figuie  6.  Thr  geometry  ot  the  D^se  beam,  thickness  and 
matern  urouerties  for  each  layer,  and  the  viscoelastic  damping  parameters  are  input 
variables  The  following  quantities  are  calculated  for  a  specified  temperature:  frequency 
estimate  •  approximate  frequency),  temperature  shift  function,  reduced  frequency,  shear 
modulus,  and  the  material  damping  of  the  viscoelastic  layer.  Next,  modal  damping 
arc  fr>.  oueuev  are  calculated.  The  calculated  modal  frequency  is  then  compared  to  the 


,rc  .  r<  ouenev  are  < 


estimated  frequencv  using  the  convergence  criterion.  If  the  convergence  criterion  is  not 
satisfied,  the  calculation  is  iterated  for  an  improved  value  ot  the  frequency  estimate. 
Once  convergence  is  achieved,  the  RMS  and  peak  response  values  are  calculated. 

Thu  rive- iav<*r  damping  system  analyzed  in  this  report  includes  two  different  v:s- 
coeia-u r  materials  for  one  damping  application  When  mail::  onlv  one  viscoelastic  rna- 
*,>riai  'he  etfective  '•■nr.wraturr  range  of  that  ::i  Penal  may  be  narrower  than  the  re- 
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Figure  10-  Combined  Effect  of  the  Two  Materials,  3M-468 
(for  Layer  2)  and  LT1MP  (for  Layer  4) 
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mired  temperature  range  lor  an  viiei  tree  • : .i i : i i > i u design.  One  wav  o!  broadening  the 
temperature  range  over  which  maximum  (lamping  can  be  achieved  is  to  use  multiple 
v.scoOastic  material?  with  peaks  in  loss  r’acor  •'ccurring  at  different  t. rmperacures  (sec 
Figure  7).  As  an  example,  suppose  the  temperature  range  for  which  the  damping  de¬ 
sign  has  to  opercLLt.  is  from  0  to  150°  F  TTing  the  analysis  procedure  in  section  2.0.  two 
materials  are  selected:  LTlMP  and  3M-46S.  The  first  material  has  its  peak  damping 
at  —23°  F  (Figure  S)  the  second  at  55°  F  (Figure  9).  By  placing  the  two  materials 
in  the  order  shown  in  Figure  10  the  combined  effect  govs  the  desired  results  over  a 
broader  temperature  range  than  provided  by  either  material  used  separately. 

The  order  in  which  the  viscoelastic  layers  are  applied  is  also  important.  Analysis 
has  mown  that  the  layer  nearest,  the  structure  has  to  have  the  higher  temperature 


damping  properties  to  get  a  wider  range  of  damping  performance.  To  illustrate  this 
concept  consider  two  cases.  In  the  first  case,  3M-4G8  was  used  as  the  second  layer  and 
LTlMP  as  a  fourth  layer.  In  the  second  case  these  materials  were  reversed.  It  was 
found  for  a  loss  factor  of  r?  >  0.1,  that  the  first  case  gave  a  wider  temperature  coverage 
-20  through  130°  F  (see  Figure  10).  while  the  second  case  resuited  in  a  more  narrow 
temperature  coverage,  -00  through  34a  F.  (see  Figure  11). 


3.0  GRAPHICS 

Graphical  plotting  capability  was  built  into  the  program  using  DI300Q  software. 
The  software  allows  users  to  piot  the  following  four  curves  on  the  same  graph:  modal 
•v,  :.n  ioi,  modal  frequency  K  Mr  response  ratio,  aim  peak  resonance  ratio,  each  as  a 
unction  '  temperature.  Psers  also  have  the  option  of  inputting  the  r  muired  range  of 
emperatur^s  and  choosing  whether  to  plot  results  on  the  printer  or  only  display  them 
>n  the  screen. 

A  genera!  purpose  computer  program  CP5LE  (car;  .dot  for  f  ' ■  layer  oeam)  to 
generate  <  arpet  pints  for  the  five-layer  damping  system  was  also  dev  fiopwi  \~>\.  The 
first  part  of  trie  program  consists  o{  developing  carper,  plots  of  maximum  modal  lorn 
fact  or  value--.  V'-rsu:  temperature  i Figure  !  2)  i  ll"  second  part  of  the  program  gen¬ 
erates  carpet  plots  of  maximum  RMS  respon:  e  ratios  versus  temperature  for  different 
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n.n  AN  EXAM  PI.  E  PARAMETRIC  STUDY 

To  cntaia  an  understanding  of  the  behavior  of  the  dvr-layer 
an  vv, ,r  •  a  r  nittr  t  r  i  ^  '••t uhv  is  conducted  l>v  v.nrvnc?  tr.e 
( except  the  ba.se  m  mi:)  :>>*  SO  N.  The  baseline  mode!  cor.sisti 
inches  thick  and  LXi  inches  long:  0  S' 0 A  inches  of  3M-MC  aihesi 
off  layer:  '  1.003  incites  o:  LTi MP  viscoelastic  materia!:  and  an 
layer  1  SR  incite-  titan;,  T  he  results  of  the  example  parametric  st 
i.  These  resti.ts  :  irate  that  the  stand -on  iaver  is  the  most 
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range. 

The  carpel  piott.i'i"  program.  t.TuLli  an  effective  tool  to  show  trends  in  'lamping 
characteristics  as  a  junction  o:  temperature  lor  parametric  mange*-  ;ne  geometry  •  >:' 
.  ppiini  ; avers  It  was  demonstrated  hv  coinin'': uv,  paminetric  snidie*-  for  'tie  tive-iaver 
system  by  varying  the  thickness  of  each  layer  i except  the  base  beami  :>y  _’U  '  .  iliat  the 
stand-off  layer  had  the  most  significant  damping  effect  or.  response,  decreasing  RMs 
response  by  19. IS  '7  compared  to  0.89  '7  for  the  adhesive-layer.  Additional  verifications 
of  VdLBD  need  to  be  done  as  -.veil  as  a  comparison  of  the  program  output  with  actual 
test  data.  The  five-layer  system  presented  can  oe  a  very  effective  technique  in  helping 
the  designer  to  ..elect  proper  damping  treatments  for  reducing  resonant  vibrations. 
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ABSTRACT 


The  dynamics  of  a  class  of  stmts  w'ith  one  viscous  chamber  at  one  end  of  the 
strut  is  developed  using  formulation  and  methods  consistent  with  finite  element 
dynamic  analysis  of  structural  system.  This  technique  is  developed  to  enable 
consistent  and  systematic  design  and  analysis  of  large  truss  structures  passively 
damped  by  viscous  stmts.  Modeling  and  model  reduction  methods  for  accurate 
analysis  with  a  minimum  number  of  design  parameters  are  developed.  Design 
parameters  for  optimum  damping  characteristic,  and  the  associated  dynamic 
stiffness  and  bandwidth  characteristics  are  derived.  A  design  procedure  and  design 
curves  to  size  the  stmts  for  system  level  integration  are  presented. 
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INTRODUCTION 


Large  flexible  structures  are  characterized  by  many  flexible  modes  within  the  disturbance  and 
control  bandwidth.  For  most  precision  structures,  the  performance  requirements  are  very 
stringent.  However,  this  class  ot  structures  often  has  verv  low  intrinsic  damping,  less  than  0.  \  % 
equivalent  viscous  damping  ratio1,  which  results  in  significant  dynamic  responses.  For  truss  type 
structures,  a  strut  with  good  stiffness  and  damping  characteristics  will  significant! v  enhance  the 
structural  performance. 

Struts  with  viscoelastic  materials  have  been  designed,  tested  and  implemented  in  demonstration 
test  articles  and  structures2.  Modal  Strain  Energy  method  is  often  used  in  the  design  and  analysis 
of  this  type  of  struts  and  structures3.  The  mathematical  problem  of  struts  and  structures  are  posed 
in  a  frequency  dependent  form.  Results  from  this  approximate  solution  technique  matched  quite 
weli  with  test  data2. 

Viscous  energy  dissipation  is  a  well  understood  damping  mechanism.  Incorporating  a 
damping  chamber  in  a  strut  can  provide  the  necessary  damping  characteristics.  An  effective  design 
ot  this  type  of  viscously  damped  struts  has  been  implemented  by  Honeywell4.  In  order  to 
successfully  integrate  the  viscous  struts  into  a  system  level  design,  the  dynamics  of  the  struts  must 
l>e  totally  understood.  The  same  analysis  method  should  be  used  to  study  the  strut  dynamics  and 
system  level  dynamics  so  that  the  integrated  design  and  analysis  can  be  performed  consistently  and 
systematically5.  Also,  in  order  to  understand  the  behavior  of  the  struts  as  contributing  members  of 
a  large  structure,  the  problem  must  be  simplified  to  a  few  key  design  parameters  by  applying 
engineering  assumptions.  Simplified  design  procedure  with  design  curves  are  presented  to 
compute  the  kdy  strut  design  parameters.  However,  the  details  of  the  mechanical  design  is  not  the 
subject  of  this  paper. 


VISCOUS  STRUT  CONFIGURATION 


The  viscous  strut  is  a  mechanical  device  comprised  of  three  basic  elements:  an  outer  tube,  an 
inner  tube  and  a  small  viscous  damper.  A  typical  strut  configuration  is  shown  in  Figure  l4.  The 
damper  is  placed  in  series  with  the  inner  tube.  The  outer  tube  is  placed  in  parallel  with  the 
damper/inner  tube.  An  axial  displacement  across  the  strut  produces  a  displacement  across  the 
damper.  The  damper  forces  fluid  through  a  small  diameter  orifice,  thereby  causing  a  shear  flow  in 
the  fluid.  For  Newtonian  viscous  fluids,  the  fluid  shear  is  actually  proportional  to  the  displacement 
rate  across  the  damper  and  thus,  a  velocity  dependent  viscous  damping  force  is  obtained.  Under 
quasi-static  load,  the  fluid  flows  and  provides  no  resistance  and  the  outer  tube  provides  the  static 
stiffness  to  the  strut.  The  stiffness  of  the  inner  tube  is  important  to  impart  sufficient 
displacement/velocity  to  the  damper.  The  damping  coefficient  of  the  damper  is  a  function  of  the 
fluid  material  properties  and  the  geometry’  of  the  viscous  chamber.  Since  the  strut  has  other  small 
components,  they  will  introduce  additional  flexibility  to  the  strut  and  degrade  the  performance.  It 
is  important  to  account  for  these  flexible  elements  accurately. 
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Figure  1  Configuration  of  Viscously  Damped  Strur1 
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The  formulation  presented  here  is  applicable  to  a  general  class  of  viscously  damped  struts 
which  are  axially  symmetric  with  the  viscous  chambers  rigidly  attached  to  one  end  of  the  struts. 
This  considerably  simplifies  the  mathematics  and  lead  to  a  design  model  with  a  minimum  number 
of  key  parameters. 


STRUT  ANALYTICAL  MODEL 

A  viscous  strut  is  a  structural  component  which  can  be  analyzed  by  standard  structural  analysis 
methods.  As  such,  it  can  be  analyzed  using  conventional  structural  analysis  techniques  and  tools. 
For  a  complex  strut  design,  a  finite  element  model  can  be  developed  easily  using  a  combination  of 
beam,  plate,  solid  and  viscous  elements.  The  analysis  is  quite  straight  forward  except  for  the 
viscous  element  which  is  not  often  used  in  conventional  structural  analysis.  In  general,  the 
governing  differential  equation  for  a  strut  can  be  expressed  as: 

Mu  +  Cii  +  Ku  =  p  g(t)  (1) 

The  damping  matrix  has  contributions  from  two  sources:  the  intrinsic  material  and  joint  damping, 
and  damping  from  the  viscous  dashpot.  The  intrinsic  damping  is  insignificant  compared  with  the 
contribution  from  the  viscous  dashpot  and  hence  ignored.  Equation  ( 1)  is  normally  cast  in  the  first 
order  form  for  solution: 


C  M 
_M  (>_ 

The  stmt  can  be  modeled  by  many  structural  nodes  to  provide  a  general  description  of  its 
dynamic  behavior  in  3  dimensional  space.  Let  one  end  of  the  strut  be  fixed,  the  displacement 
vector  of  the  end  node  be  u,,  and  the  displacement  vector  at  the  viscous  chamber  be  U2  Many 
other  interior  structural  nodes  may  be  needed  to  model  the  stiffness  distribution  in  the  finite  element 
model  (see  Figure  2). 
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Figure  2  An  Idc  . hzed  Viscous  Stmt 

The  lumped  mass  matrix,  damping  matrix,  and  stiffness  matrix  can  be  expressed  in  the  following 
form: 
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Since  there  is  no  applied  force  at  the  interior  nodes,  the  force  vector  is  given  by: 


Pi 

0 


LoJ 


(5) 


This  finite  element  model  is  capable  of  predicting  all  the  details  of  the  global  and  local  strut 
behavior.  However,  the  strut  is  normally  designed  to  act  only  as  an  axial  load  carrying  member 
providing  strength,  stiffness  and  damping  to  meet  the  design  requirements.  The  analysis  mtxlel  in 
this  form  also  does  not  explicitly  express  the  relationship  between  the  essential  dynamic 
characteristics  and  the  key  parameters.  It  should  oniy  be  used  if  the  detailed  local  dynamics  is 
important  or  as  a  verification  model  after  the  strut  parameters  are  selected  by  other  means. 


STRUT  MODEL  REDUCTION 

In  order  to  understand  the  dynamic  characteristics  of  the  strut,  the  analytical  model  should  be 
simplified  to  a  small  set  of  parameters.  The  reduction  of  the  component  level  model  will  also 
significantly  reduce  the  complexity  of  the  system  level  model.  For  design  purpose,  only  axial 
behavior  of  the  struts  are  considered.  Consequently,  the  analysis  model  is  constrained  to  have 
displacement  only  in  the  axial  direction.  At  each  node,  only  the  axial  degree  of  freedom  and  two 
rotations  are  retained.  For  structural  problem,  the  internal  dynamics  is  generally  not  important  and 
the  internal  inertial  effect  is  ignored. 

There  are  only  two  degrees  of  freedom  necessary  to  characterize  the  strut:  uj  -  the  axial  degree 
of  freedom  at  the  strut  end  for  connectivity  and  u2  -  the  axial  degree  of  freedom  at  the  dashpot  for 
damping.  The  standard  static  condensation  reduces  the  stiffness  matrix  to  a  symmetric  2x2  matrix 
with  only  3  independent  terms: 


^11  k12 
_k2i  k22_ 


Therefore,  any  complex  viscous  strut  design  can  be  reduced  to  only  3  equivalent  stiffness 
constants.  For  the  same  3  stiffness  constants,  there  can  be  many  designs  having  the  same 
condensed  characteristics.  Since  for  the  class  of  struts  of  interest,  the  dashpot  is  at  the  supported 
end,  the  condensed  damping  matrix  is  very  simple: 


As  for  the  mass  matrix,  normally  a  simple  lumping  procedure  is  sufficient  since  the  inertia 
effect  of  the  strut  is  considered  not  important. 
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STRUT  DESIGN  MODEL 


Static  condensation  of  a  relatively  complex  strut  design  allows  a  simple  equivalent  mechanical 
modeling  of  the  strut  for  understanding  its  dynamics.  Due  ,o  the  design  details,  many  strut 
configurations  also  have  an  additional  characteristic4  that  k  i  o  -k.22*  This  allows  a  further 
simplification  such  that  the  abstract  2x2  stiffness  matrix  of  Equation  (6)  can  be  represented  by  an 
equivalent  lumped  parameter  model  as  shown  in  Figure  2.  A  viscously  damped  strut  can  now  be 
represented  by  3  frequency  independent  parameters,  k,  -  the  outer  spring,  k2  -  the  inner  spring  and 
c  -  the  dashpot. 


PU) 


f  igure  2  3-Parameter  2  DOFs  Viscous  Strut  Model 
The  equation  of  motion  of  the  3-parameter  viscous  strut  model  can  be  written  as: 
mu  +  cu  +  ku  =  p  g(t) 
where. 
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If  the  strut  is  used  to  support  a  rigid  mass  w  hich  is  include  in  the  mass  matrix,  the  characteristics  of 
this  structural  system  is  given  by  the  free  vibration  problem: 

mu  +  cu  +  ku  =  0  (10) 

. >r,  in  the  I n si  order  form'’: 

UmSl-  [o-n,][“]  -  [«] 

For  this  three  parameter  model.  Equation  (11)  can  be  written  explicitly  as: 
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Hie  eigenvalue  problem  i-  therefore  given  ny: 
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The  eigenvalues,  Xv  and  eigenvectors,  y,,  are  generally  complex.  For  a  lightly  damped 
system,  there  is  one  pair  of  complex  eigenvalues  which  represent  the  under-damped  modes  and 
one  real  eigenvalue  which  represents  the  over-damped  mode.  Eigensolvers  used  in  structural 
codes  normally  assume  the  structures  to  be  lightly  damped  and  solve  for  complex  pairs  only. 
However,  solving  the  eigenvalue  problem  does  not  give  any  physical  insight  into  the  design  of 
struts.  Therefore,  a  simpler  design  approach  is  more  appropriate. 


APPROXIMATE  ANALYSIS  OF  DAMPED  STRUTS 

When  a  strut  is  functioning  as  a  member  of  a  large  structure  or  as  an  individual  member  under  a 
harmonic  force  given  by: 

gCt)  =  eiaM  (13) 

the  steady  state  solution  takes  the  form: 
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Assuming  tthat  he  mass  at  the  internal  degree  of  freedom,  U2,  is  small,  and  the  internal  dynamics  of 
the  strut  is  not  important  to  the  problem,  the  governing  differential  equation  is  given  by: 


|  [kl+k2  'k2 

1  L  'k2  k2  . 
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The  equations  of  motion  are  described  by  frequency  independent  coefficient  matrices.  The  internal 
degree  of  freedom,  u2,  is  not  subject  to  any  external  force.  Again,  the  static  condensation 
technique  is  used  to  reduce  the  internal  degree  of  freedom  by  considering  the  second  equation  of 
Equation  (15): 


-k2  U]  +  (k2+ia>c)  u2  =  0 
k2 

u2  =  : —  u, 

k2+i(nc 

Therefore,  the  effective  strut  dynamics  is  given  by: 


(16a) 

(16b) 


/  k  2  \ 

-co2m  +  (k,+k2)  -  — i 
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k2+itoc 


u,  =  p 


(17a) 


The  term  in  parenthesis  is  the  strut  dynamic  impedance  which  is  frequency  dependent.  However  it 
is  more  useful  to  describe  the  strut  in  terms  of  complex  stiffness  (i.e.,  k(co)  =  kR(co)  +  ik'((o) ): 


(-0)2m  +  kR  +  ik1)  u }  =  p 


(17b) 
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where, 


k]k22  +  (k1+k2)(cco)2 
k22  +  (cco)2 
k22 (cco) 
k22  +  (cco)2 


(18a) 

(18b) 


The  complex  stiffness  can  further  be  expressed  in  a  different  form  in  terms  of  the  real  part  of  the 
stiffness  and  the  loss  factor  as: 


k  =  kR  (1+  ir|) 

where, 


(19a) 


k22  (cco)  _ 

k  |k2-  +  (kj  +  k2)(cco)‘ 


(19b) 


These  relationships  can  be  presented  in  a  more  useful  form  for  design  purposes  in  terms  of 
normalized  parameters.  Define  the  stiffness  rario  as: 


K 


(20a) 


the  strut  frequency  constant  as: 


(20b) 


and  the  normalized  excitation  frequency  as: 


oa. 


Rewrite  the  tint  real  stiffness  and  loss  factor  in  terms  of  the  normalized  ratios: 
k« 


*  ( 1  +k)[32 


K2  +  (  1  +k)(32 
P2  +  K-2 
k-2P 


(20c) 


(21a) 

(21b) 


in  this  normalized  form,  useful  design  curves  can  be  generated  to  aid  damping  design.  The 
damping  and  frequency  relationships  of  a  few  selected  stiffness  ratios  are  shown  in  Figure  4.  The 
loss  factor  has  a  slope  of  one  and  negative  one  a*  the  low  and  high  frequency  range  on  the  log-log 
scale  and  has  a  distinct  maximum  at  the  mid  fn  quency  range.  The  damping  loss  factor  increases 
with  the  stiffness  ratio. 
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Figure  4  Normalized  Design  Curves 

For  design  purposes,  it  is  important  to  understand  the  frequency  and  damping  characteristics  of 
the  damped  strut  in  terms  of  an  equivalent  single  degree  of  freedom  (SDOF)  system  This 
approximation  bypasses  the  eigenvalue  problem  of  Equation  (12).  An  equivalent  SDOF  system  is 
shown  in  Figure  5.  The  equation  of  motion  of  this  system  subject  to  steady  state  force  is  given  by : 

(-oo2m  +  k  +  icoc)  u  =  p  (22) 


u(t) 


rKO 


Figure  5  Equivalent  Single  Degree  of  Freedom  System 

Comparing  Equation  (22)  to  Equation  (17),  for  lightly  damped  systems,  sav  t  0  2.  the 
equivalent  natural  frequency  of  the  damped  strut  system  can  be  approximated  by: 

A  /  kR(co) 

(23) 

The  equivalent  viscous  damping  ratio  can  be  found  by  equating  the  energy  loss  of  the  strut  to  that 
of  an  equivalent  SDOF  viscous  system.  The  energy  dissipated  per  cycle  of  the  strut  as  described 
by  Equation  (19)  under  a  harmonic  force  is  given  by7: 

=  re  r\  kR  u,2  (241 

The  damping  of  an  equivalent  SDOF  viscous  system  is  given  by: 

Dc  =  rc  c^q  (2mo)C(|)  to  u2  :25i 
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(26) 


liquating  the  energy  dissipation  at  resonance,  to  =  cn^: 

,  _  nuor(i) 

bcq  i 


OPTIMUM  STRUT  BEHAVIOR 


For  a  given  a  design,  i.e.  k,,  k2  and  c,  the  strut  dynamic  stiffness  and  damping  can  be 
computed  using  Equations  (21a)  and  (21b).  A  typical  plot  of  the  stiffness  and  loss  factor  of  a  strut 
is  shown  in  Figure  6. 
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Figure  6  Typical  Viscous  Strut  Stiffness  and  Loss  Factor  vs.  Frequency 


For  design  purposes,  it  is  important  to  find  the  optimum  performance  region  of  the  strut  so  that 
the  strut  can  be  designed  to  perform  effectively,  i.e.  high  damping  at  the  desired  frequency  range. 
The  maximum  loss  factor  with  respect  to  frequency  can  be  found  by  setting  the  derivation  of 
Equation  (19b)  to  be  zero: 

dq 

—  =  0  (27) 

<)o) 


I'he  condition  at  which  the  damping  is  at  maximum  is  denoted  by  the  subscript  op. 


(28a) 

(28b) 


(28c) 


(28di 
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It  is  impo  ant  to  note  that  the  maximum  loss  factor  is  governed  hv  tc,  the  ratio  of  the  inner  and 
outer  stiffnesses.  A  tlexible  inner  tube  is  not  et fes  tive  in  providing  loree  to  the  damper  to  activate 
energy  dissipation.  A  stiff  inner  tube  is  very  desirable  for  high  damping  but  the  strut  will  also  be 
heavier.  It  is  also  important  to  note  that  there  is  not  much  damping  at  low  and  high  frequency. 
The  stiffness  corresponding  to  maximum  loss  factor  is  at  the  transition  between  the  static  stiffness, 
k  j ,  and  asymptotic  stiffness,  k,  +  k2.  The  frequency  at  which  the  maximum  loss  occurs  is 

proportional  to  the  damper  non-dimensional  frequency,  tnc.  As  a  matter  of  fact,  the  normalized 
optimum  frequency  is  twice  the  maximum  loss  factor.  Using  these  relationships,  frequency 
independent  parameters  can  be  computed  easily  to  match  the  key  points  of  test  data  in  order  to 
characterize  the  dynamic  behavior.  Comparisons  between  analytical  and  test  data  were  excellent. 

These  relationships  can  easily  be  used  to  size  the  key  strut  parameters.  For  a  desired  level  of 
damping,  qr,  use  Equation  (28a)  to  find  the  required  stiffness  ratio,  iq.. 

Kq  =  2t]r2  +  2  r),  V nr:  +  1  (29) 

Then  use  Equation  (28c)  to  compute  the  damping  coefficient.  cr,  required  to  locate  the  frequency, 
cor,  where  the  maximum  damping  is  required. 


-  ^  -k-l 

V  1  +Kr 


(30) 


STRUT  BANDWIDTH 

Another  important  performance  parameter  is  the  bandwidth  of  the  strut  over  which  there  is 
significant  amount  of  damping.  The  effective  bandwidth  can  influence  the  design  of  struts  for  a 
large  structure  with  a  wide  range  of  natural  frequencies. 

The  bandwidth  of  the  strut  can  be  defined  as  the  frequency  range  over  which  the  strut  has  a 
damping  efficiency  y. 


n„P 

The  bandwidth  can  be  found  by  solving  Equation  (21b).  For  a  given  damping  efficiency,  there  are 
two  frequency  points: 


K  1  ±  V  1  -  7 2 

y 


(32) 


The  correspondine  normalized  frequency  bandwidth  is  given  by: 


A[i 


2k^1  1  -  y; 

W 


(33) 
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The  actual  frequency  bandwidth  is  given  by: 


(34) 


The  damping  bandwidth  is  shown  graphically  in  Figure  7.  'ilie  damping  within  the  bandwidth  ie 
guaranteed  to  be  higher  then  the  specified  efficiency.  The  bandwidth  concept  can  be  used  for  many 
other  design  reasons.  The  recipiicol  of  damping  efficiency  can  be  interpreted  as  a  safety  factor  for 
damping  design.  The  bandwidth  can  be  used  to  cover  the  uncertainty  in  the  natural  frequencies  of 
a  large  structure. 


Figure  7  Strut  Damping  Bandwidth 


DESKIN  EXAMPLE 

The  method  developed  can  be  used  to  size  the  key  parameters  of  a  stmt.  Only  simple  algebraic 
equations  a  '  solved  and  an  eigenvalue  problem  is  totally  avoided.  Suppose  a  20-pound  weight  is 
supported  oy  a  strut.  The  system  is  required  to  have  20  Hertz  natural  frequency  and  5%  viscous 
damping.  By  using  the  design  equations,  the  suut  parameters  were  computed  to  be:  kj  =  758.8 
Ib/in,  k2  -  166.86  lb/in,  c  =  1.2  lb-sec/in.  The  frequency  and  damping  characteristic  of  the  system 
with  these  parameters  were  checked  with  an  exact  eigeusolution.  The  results  compare  favorably 
and  are  summarized  in  Table  1. 

Table  1  Comparison  of  Results 


CPNCLLSION 


The  dynamics  of  a  class  )f  viscously  damped  struts  is  presented.  The  derivation  is  based  on 
the  principles  of  structural  dynamics  and  governing  equations  of  motion  of  a  finite  element  model. 
This  approach  is  consistent  with  the  system  level  analysis  methods.  The  use  of  condensation 
technique  allows  a  complex  strut  design  to  be  reduced  to  3  stiffness  parameters  which  are  further 
reduced  to  2  lumped  stiffness  parameters.  The  dynamics  of  the  struts  can  be  understood  through 
non-dimensional  design  variables.  Design  curves  can  be  used  to  facilitate  component  sizing.  The 
bandwidth  characteristics  of  the  struts  provide  further  insight  into  the  performance  of  this  class  of 
struts.  Results  from  using  this  method  compared  favorably  with  the  exact  solution  from  a  complex 
eigenvalue  problem.  Therefore,  a  3-parameter  model  can  be  used  to  characterize  the  performance 
ot  a  viscously  damped  strut  for  system  level  design  and  analysis.  The  method  can  be  used  to 
derive  component  specification  to  meet  system  level  design  requirements5. 
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NOMENCLATURE 


Symbols 


C,c,c  = 
D 


i  = 

K,k,k  = 


viscous  damping  matrix  or  scalar 
energy  dissipation  per  cycle 
forcing  funcdon 


imaginary  unit,  VT 
stiffness  stiffness  or  scalar 


Mjn,m  = 
P 

u,  u  = 

3 

Y 
A 
/. 

V 
n 

K 

4 

CO 


mass  matrix  or  scalar 
spatial  force  vector 

displacement  vector  and  axial  displacement  degree  of  freedom 

non-dimensional  forcing  frequency 

damping  efficiency  factor 

change/bandwidth 

complex  eigenvalue 

complex  eigenvectors 

loss  factor 

stiffness  ratio  of  inner  spring  to  outer  spring 
damping  ratio 
frequency,  radian/second 


Subscripts 


eq 

c 

i 

op 

r 

y 

n 


equivalent 

pertaining  to  damping 
for  the  i-th  mode 

condition  at  maximum  loss  factor 
pertaining  to  the  required  conditions 
pertaining  to  viscous  damping 
pertaining  to  viscoelasuc  (hysteretic)  damping 


Superscripts 


1  -  Imaginary 

R  =  Rea! 

T  =  matrix  transpose 


'  XT'  1 3 
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ABSTRACT 


A  vibration  absorber  was  studied  to  control  the  dynamic 
behavior  of  a  rectangular  plate.  The  absorber  consists  of  a 
vibration  damping  composite  steel  beam  and  an  additive  mass. 
By  evaluating  the  loss  factor  and  the  bending  rigidity  of 
the  composite  steel  beam  using  the  Ross-Kerwin-Ungar  model, 
the  length  and  the  thickness  of  the  composite  steel  beam  and 
the  additive  mass  were  determined  in  order  to  tune  the 
resonance  frequency  of  the  absorber  to  any  resonance 
frequency  of  the  rectangular  plate.  The  dynamic  behavior  of 
the  rectangular  plate  with  the  absorber  was  measured  and 
compared  with  the  calculation.  The  close  agreement  achieved 
suggests  that  the  present  method  is  sufficiently  reliable  to 
predict  the  dynamic  behavior  of  the  vibration  absorber 
consisting  of  the  vibration  damping  composite  steel  beam. 


1-5-5  Takatsukadai  Nishi-ku  Kobe  651-22,  Japan 
Phone  078-991-5640  Fax  078-991-5605 
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INTRODUCTION 


A  vibration  absorber  is  an  effective  method  to  solve 
vibration  and  noise  problems  in  several  industrial 
structures  and  machines.  The  absorber  is  a  passive  damping 
device  to  reduce  the  amplitude  of  vibration  at  resonance. 
The  optimum  design  method  for  the  single  of  degree  system 
was  already  derived  1  .  Though  many  investigations  of 
vibration  absorbers  have  been  reported b  ,  there  is  few 
reports  to  study  the  absorbers  using  a  vibration  damping 
composite  steel  beam  as  a  spring  and  damping  element. 

In  this  paper,  we  propose  a  method  to  design  the 
absorber  consisting  of  the  composite  steel  beam  and  an 
additive  mass.  By  evaluating  the  loss  factor  and  the  bending 
rigidity  of  the  beam  using  the  Ross-Kerwin-Ungar 
model'67'  7  ,  the  thicknesses  of  the  steel  and  viscoelastic 
resin  layers  and  the  length  of  the  beam  are  determined  to 
tune  a  resonance  frequency  and  of  a  vibrating  main  body  to 
be  damped. 

The  vibration  absorber  was  designed  to  control  the 
first  vibration  mode  of  the  rectangular  aluminum  plate  using 
the  above  method.  The  frequency  response  curve  of  inertance 
of  the  plate  with  the  absorber  is  calculated  to  be  compared 
with  the  experimental  results.  The  close  agreement  achieved 
suggests  that  this  method  is  sufficiently  reliable  to 
predict  the  dynamic  behavior  of  the  absorber  consisting  of 
the  composite  steel  beam. 

1.  CALCULATION  METHOD  OF  DYNAMIC  BEHAVIOR  OF  THE  ABSORBER 
1.1  CALCULATION  MODEL 

The  vibration  absorber  is  shown  in  Fig.  1.  It  consists 
of  the  vibration  damping  composite  steel  beam  and  the 
additive  mass  placed  on  the  both  ends.  The  beam  is 
supported  at  the  center  and  attached  to  the  vibrating  main 
body  (  a  rectangular  aluminum  plate  in  this  paper  )  to  be 
controlled.  As  the  shape  of  the  absorber  is  symmetric,  the 
calculation  model  is  assumed  to  be  the  cantilever  with  an 
additive  mass  at  the  free  end  as  depicted  in  Fig.  2. 

1.2  CALCULATION  OF  THE  DYNAMIC  BEHAVIOR  OF  THE  ABSORBER 

The  vibration  damping  composite  steel  beam  is 
considered  to  be  equivalent  to  the  homogeneous  beam  with 
the  structural  damping.  To  incorporate  the  damping  into  the 
beam,  it  is  necessary  to  replace  a  bending  rigidity  El  of 
the  beam  by  a  complex  bending  rigidity  EI(l+j^).  The  complex 
bending  rigidity  Eltl+j^)  can  be  calculated  by  using  the 
Ross-Kerwin-Ungar  model(  referred  to  hereafter  the  RKU 
model)'6  .  Bending  wave  equation  for  the  vibration  absorber 
is  given  by 
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pAf^  +  El(l+i„)f^  =  0  {1) 

where  w,p,A,and  I  are  the  displacement  in  Y-axis,  the  mass 
per  unit  length  ,  the  cross-sectional  area  ,  and  the  area 
moment  of  inertia  of  the  composite  steel  beam,  respectively. 
7  is  the  loss  factor.  The  general  solution  to  Eq.(l)  is 
given  by 

w=Wexp(ja)t)  (9) 


W=Aiexp(-jkbX)+A2exp(jkbX) +Asexp(-kbX)+A*exp(kbX) 


(3) 


where  W  is  the  amplitude  of  displacement  in  Y-axis,  A1-A4 
are  undetermined  constants,  and  kb  is  a  complex  wave 
number  defined  by 


a  =cos(  "  tan-1  v,  ) 


/S  =sin(  j-  tan-1  v  ) 


( 4 ) 

(5) 

(6) 


The  boundary  conditions  at  the  clamped  end(X^O)  and  the 
free  end(X=L)  are  given  by 

Clamped  end(X=0)  W  =  0  (7) 


dW 

dx 


=  0 


(8) 


F'-ee  end(X=L) 


Fo  ncu  2W  d!W 

El  (1+j  77 )  El  (l+j  77 )  '  dXJ 


(9) 


where  m  is 
frequency . 
obtain 


dlf 

dx2 


(10) 


the  additive  mass  and  CO  is  the  circular 
Substituting  Eqs.(3)-(6)  into  Eqs . ( 7 ) - ( 10 ) ,  we 


A i  =  j  (cosksL-sinKBL+coshkbL-sinhkbDF/L) 

Az=  j  (coskt.L+sinkbL+coshkbL+  '  nhk  d)  F/D 
A3=  [-sinkbL-sinhkbL-j  (coskbt.+coshkoL)]  F/D 
A,=  [  sinkbLfsinhkbL-j (coskbL+coshkbL)]  F/D 


(11) 

(12  ) 

( 13) 


(  14  ) 


where 


F=  Fokb/ P  A  Cl)  2 


( 15) 


D=  4  [l+coskbLcoshkbL+ {^(coskbLsinhkbL-sinkbLcoshkbL)]  d6) 


H=  mkbL/p  A  ( 17 } 

Substituting  Eqs . ( 11 ) - ( 17 )  into  Eq.(2>,(3),  we  can 
calculate  the  amplitude  of  the  displacement.  The  frequency 
response  curve  of  inertance  of  the  absorber  is  found  by 
def f erentiating  the  displacement  W  exp(joot)  twice  with 
respect  to  time  t  and  divided  by  the  sinusoidal  force  FO 
exp(ju)t)  which  acts  on  the  free  end. 


1.3  RKU  MODEL  OF  THE  VIBRATION  DAMPING  COMPOSITE  STEEL  BEAM 
The  vibrating  damping  composite  steel  beam  has  three 
layers  as  shown  in  Fig.  3.  The  complex  bending  rigidity 
EI(l+j^  )  of  the  beam  can  be  calculated  by  substituting 
Young's  moduli  E^,  E3  and  the  thicknesses  ti  ,  t-j  of  the 
steel,  the  complex  shear  modulus  G^+jG2  and  the  thickness  t2 
of  the  viscoelastic  layer  into  Eqs . ( 18 ) - ( 20 ) . 


The  value  of  GjL+jG2  used  in  this  calculation  is  the 
reduced  data  of  the  modulus  over  the  frequency  range  10.0Hz 
to  2.0kHz  at  +24’ C  obtained  from  the  measured  data  over  the 
frequency  range  0.03  to  80.0  Hz  and  the  temperature  range 
-30  to  +50* C  by  using  the  temperature-frequency 
superposition  principle1  . 


El (1+j  V  )~ 
D  - 

g  = 


Eibti3  Eabtj3 
12  12 


+DE 1 bt 1 


gE3tj _  ^ti+t3 

Ei t i+g(Ei t ,+E3 1 3)  2 

Gt+j Gi  ^  E I  ( id- j  77 ) _] 
0l>  E  a  1 3  1 2  P  A 


(  +ta) 

(18) 

2 

+  t.) 

(19) 

1/2 

(20) 

2.  OPTIMUM  DESIGN  OF  THE  ABSORBER 


2.1  DETERMINATION  OF  THE  OPTIMUM  DIMENSIONS  OF  THE  BEAM 

The  vibration  absorber  is  applied  to  control  the  first 
mode  of  the  rectangular  aluminum  plate ( 1000x1000x4mm)  in 
this  section.  After  measuring  the  resonance  frequency  fg  and 
the  equivalent  mass  M  for  the  plate,  The  optimum  values  of 
the  resonance  frequency  fQ  ^  and  loss  factor  /l^pt  °f 
absorber  can  be  calculated  using  Eqs . ( 21 ) - ( 23 ) 

p.  =2tn/M  (21 
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1 

l  +  u 


1/2 


(  22  ) 


f 


opt 


fo 


V  opt-  [3/z/2(l  +  ^z)J 


(  23  ) 


The  values  of  fg  and  M  can  be  evaluated  by  applying  the 
half-power  bandwidth  method  }  to  the  frequency  response 
curve  of  inertance,  measured  at  the  center  of  the  plate 
where  the  maximum  amplitude  of  the  first  vibration  mode 
occurs.  The  frequency  response  curve  measured  is  shown  in 
Fig.  4.  We  obtain  fQ  =  24.5Hz,  M=2.88  kg,  and  *7  =0.0171. 
Assuming  the  additive  mass  m=110g  iU  =3.82%),  we  obtain 
^opt=^3-7Hz,  ^opt^  •  ^35  • 


To  achieve  these  values,  the  frequency  response  curve 
of  inertance  for  several  dimensions  of  the  absorber  were 
calculated.  The  resonance  frequency  f  and  the  loss  factor 
7  of  the  absorber  were  estimated  by  applying  the  half-power 
bandwidth  method  to  the  frequency  response  curve  of 
inertance  calculated  by  using  Eqs . ( 3 ) - ( 20 ) .  The  calculation 
of  the  frequency  response  curves  of  inertance  was  carried 
out  for  the  cases  of  t2=30 , 50 , 70 , 100  /im  and  L=90 , 100 , 110 , 120 


of  t-i  and 
t2  =  70>um. 


are  fixed 
100,110,120 
and  L  are 
that  the 


mm  under  the  condition  that  the  both 
at  1.6mm.  The  calculated  results  for 
mm  are  shown  in  Fig.  5.  The  optimum  values  of  t^ 
determined  by  choosing  their  optimum  combinat ion^so 
calculated  results  of  f  and  7  equal  font 
respectively.  The  relation  between  f  and  7  oi:  the  absorber 
for  each  values  of  t2  and  L  is  shown  in  Fig.  6.  This  shows 
that  f  =  24 . 9Hz  ,  7  -°-^45  can  be  achieved  by  setting  t2  =  70yUm, 
L=110mm. 


an<^  7  opt ' 


2.2  CALCULATION  OF  THE  REDUCTION  OF  VIBRATION  AMPLITUDE 

The  frequency  response  curve  of  inertance  of  the 
rectangular  aluminum  plate  with  the  absorber  can  be 
calculated  from  the  values  of  the  equivalent  mass  M  ,  the 
spri  'g  constant  K  ,  and  the  loss  factor  7  °f  the  first 
vibration  mode  of  the  plate  and  that  of  the  absorber  as 
shown  in  Table  1. 


The  calculated  results  of  the  frequency  response  curve 
are  shown  in  Fig.  7.  The  solid  line  represents  a  calculated 
result  without  the  absorber.  The  dashed  line  represents  a 
calculated  one  with  the  absorber  setting  t2  =  70yum.  The  broken 
line  represents  a  calculated  one  with  the  aosorber  setting 
t2=30  yum .  The  former  is  tuned  to  the  optimum  value,  and  it 
reduces  the  vibration  amplitude  by  about  20  dB.  On  the  other 
hand,  the  loss  factor  of  the  latter  is  about  half  of  the 
optimum  value,  and  it  causes  3  dB  inferiority  in  the 
reduction  in  the  vibration  ampiivude  of  the  absorber. 


3.  COMPARISON  OF  CALCULATIONS  WITH  EXPERIMENT 

3.1  THE  INERTANCE  TRANSFER  FUNCTION 

The  measuring  system  of  the  dynamic  behavior  of  the 
absorber  is  shown  in  Fig.  8  (  the  temperature  of  the 
thermostatic  oven  is  set  at  +24' C).  An  absorber  is  made  to 
realize  the  optimum  dimension  and  the  frequency  response 
curve  of  inertance  of  the  absorber  is  measured.  The  result 
is  shown  in  Fig.  9.  The  values  of  the  equivalent  mass  m,  the 
spring  constant  k,  and  the  loss  factor  Y[  of  the  absorber 
can  be  obtained  from  the  measured  frequency  response  curve, 
and  compared  with  the  calculated  result  as  shown  in  Table  2. 
These  results  show  the  close  agreement,  and  it  can  be 
concluded  that  the  present  method  is  sufficiently  accurate 
to  predict  the  dynamic  behavior  of  the  absorber. 

3.2  THE  EFFECT  OF  THE  VIBRATION  ABSORBER 

Figure  10  shows  the  frequency  response  curve  of 
inertance  at  a  center  of  the  aluminum  plate  with  the 
absorber.  The  solid  line  represents  the  calculated  result 
and  the  broken  line  represents  the  measured  result.  The 
close  agreement  of  the  measured  and  calculated  results 
suggests  that  the  present  method  is  sufficiently  reliable  to 
predict  the  reduction  in  the  vibration  amplitude  at 
resonance. 

CONCLUSION 

In  this  paper,  the  effective  method  to  design  the 
vibration  absorber  using  the  vibration  damping  composite 
steel  beam  was  proposed  to  tune  the  resonance  frequency  and 
the  loss  factor  of  the  absorber  to  the  optimum  value.  The 
following  results  were  obtained; 

(1)  We  proposed  a  method  to  design  the  vibration  absorber 
consisting  of  tu  *  ''^-p^site  steel  ‘-'earn  and  the  additive 
mass.  The  optimum  values  of  the  thicknesses  of  the  steel 
and  viscoelastic  layers  and  the  length  of  the  beam  can  be 
determined  by  using  this  method. 

(2)  The  dynamic  behavior  of  the  rectangular  aluminum  plate 
with  the  absorber  can  be  predicted  with  a  practical  accuracy 
by  using  this  method. 

(3)  The  remarkable  reduction  of  25dB  in  the  amplitude  of 
vibration  can  be  achieved  by  applying  the  absorber  to  the 
rectangular  aluminum  plate. 
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Fig.  1  Structure  of  Vibration  Absorber 


Fig. 2  Calculation  Model  of  Absorber 
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Fig. 3  Structure  of  Vibration  Daiping 
Composite  Steel  Beas 


CCD-8 


CCD- 9 


Fig.  5  Calculated  Frequency  Response  Curve 
of  Absorber 


Fig.  6  Relation  between  Resonance  Frequency 


and  Loss  Factor  of  Absorber 

CCD-10 


Inert  ance  dB 


Fig. 7  Prediction  of  Reduction  in  Vibration 
by  Absorber 
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Fig. 8  Measuring  Systei  of  .  3  Behavior  of  Absorb 
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Table. 1  M,X,  rj  of  Aluminum  Plate  &  Vibration  Absorber 


M  kg 

K  N/a 

V 

1st  Mode  of  Pate 

2.  88 

6.  90  x 1 0  4 

0.0171 

Absorber 

t  a  =  7  0  (i  m 

.  109 

2.  56x10* 

0.  2450 

.108 

2.  54x10* 

0.  1204 

Table. 2  Comparison  of  Calculated  &  Measured 
Values  of  m.  k.  rj  of  Absorber 


a  kg 

k  N/m 

V 

Calculated 

1. 09x10“* 

2. 56x10* 

0. 2450 

Measured 

1. 12x10-* 

2.  74x10* 

0. 2521 
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IMPEDANCE  MATCHED  MASS-DAMPERS: A  NEW 
APPROACH  FOR  IMPROVING  STRUCTURAL 

DAMPING 

Craig  Gardner,  General  Electric-Power  Generation1 
Richard  H.  Lyon,  MIT 


ABSTRACT 

Statistical  Energy  Analysis  (SEA)  techniques  are  used  to  analytically  determine  the  damping 
effect  achieved  by  attaching  a  quantity  of  mass-dampers  to  a  damped  flat  plate.  Mass-dampers 
are  defined  as  SDOF  oscillators  which  are  over  damped  and  have  a  resonant  frequency  below 
the  frequency  range  of  interest.  The  analysis  has  shown  that  the  damping  effect  achieved  by  this 
approach  is  maximized  when  damper  impedance  is  matched  to  a  particular  ratio  of  the  average 
drive  point  impedance  of  the  plate.  The  analysis  indicates  that  the  damping  effect  achieved  is 
significant  for  mass-damper  mass  to  plate  mass  ratios  as  low  as  0.05  to  0.2. 

A  prototype  mass-damper  system  was  designed  and  tested  to  verify  the  analytical  results.  The 
experimental  results  showed  that  significant  improvements  in  damping  were  achieved  and  that 
the  amplitude  of  modal  frequencies  were  reduced  by  as  much  as  10-15  dB  over  a  wide  frequency 
range. 

This  approach  differs  from  visco-elastic  techniques  in  that  it  does  not  share  strain  energy  with 
base  structure.  This  characteristic  may  make  this  approach  effective  for  damping  stiff  structures 
at  low  frequencies. 


1  1100  Western  Av;.,  Lynn  MA  01910,  MS:GPNR7,  Tel. (617)  594-6241 
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1.0  INTRODUCTION 


The  low  frequency  damping  characteristics  of  many  structures  are  critical  to  their  performance. 
Among  such  structures  are  submarines,  which  must  have  low  structurebome  noise  levels  to 
remain  undetected  and  tall  buildings  which  need  to  minimize  wind  induced  and  seismic 
vibrations  for  comfort  and  safety  considerations.  Other  applications  may  include  reducing  low 
frequency  vibrations  in  aircraft  and  automobiles  to  improve  passenger  comfort. 

Designing  and  implementing  structural  damping  systems  which  perform  well  on  stiff  structures 
at  low  frequencies  is  a  challenging  task.  Visco-elastic  materials  are  often  used  in  the  design  of 
such  damping  systems.  In  order  for  such  designs  to  be  effective,  they  must  share  a  significant 
portion  of  the  dynamic  strain  energy.  This  requirement  can  at  times  be  difficult  to  obtain  in 
practice. 

Because  of  this  difficulty,  a  damping  system  which  did  not  rely  on  sharing  strain  energy  with 
the  base  structure  might  have  an  advantage.  Such  a  system  would  ideally  function  over  a  broad 
frequency  range  and  not  be  tuned  to  a  particular  resonance  of  the  base  structure  as  is  the  case 
with  tuned  absorbers. 

Our  approach  began  by  analyzing  the  effect  of  adding  a  quantity  of  masses  and  a  dashpots 
combined  in  series  on  plate  dynamics.  Figure  1  shows  a  plate  with  6  Mass-Dampers.  It  was  felt 
that  impedance  matching  of  the  Mass-Dampers  to  the  plate  could  result  in  dissipating  a 
significant  amount  of  power  and  therefore  increase  the  damping  of  the  plate. 


Figure  1  Plate  with  6  Mass-Dampers. 

Statistical  Energy  Analysis  (SEA)  techniques  were  used  to  analyze  the  effectiveness  of  these 
Impedance  Matched  Mass-Dampers.  A  prototype  system  of  Mass-Dampers  was  designed  based 
on  squeeze  film  damping  principles.  The  effectiveness  of  these  dampers  was  experimentally 
verified  and  compared  with  analytical  predictions. 


DAA-2 


A 


2.0  SEA  ANALYSIS  OF  A  PLATE  WITH  MASS-DAMPERS 


Figure  2  Rectangular  plate  with  mean-square  input  force  <  /,2> ,  average  m.s.  velocity  <  Vp2> , 
drive  point  conductance  Gp,  loss  factor  rjp,  and  mass  Mp. 


Lyon1  has  shown  that  for  the  plate  shown  on  Fig.  2  the  power  input  to  the  plate  and  dissipated 
by  the  plate  are  equal  and  therefore  the  average  mean-square  transfer  function  TF  is  given  by 
eq.  (1). 


<v>  _ 


<*?> 


(i) 


where: 


<v;>= 
<if>  = 


f 

<*> 


average  mean  square  plate  velocity 
average  mean  square  input  force 

average  plate  drive  point  conductances  Real  part  of  plate  mobility 

/  effective  plate  resistance 

plate  loss  factor  and  mass  respectively 


Note  that  the  basic  form  for  the  plate  TF  is  a  ratio  of  the  plate  conductance  to  the  plate 
resistance,  Rp. 

We  expand  on  this  concept  to  derive  an  expression  for  the  plate  TF  with  mass-dampers.  Fig.  3 
shows  the  system  which  we  will  analyze,  a  plate  with  two  Mass-Dampers.  The  mass-dampers 
shown  on  Fig.  3  are  basically  SDOF  systems  that  have  the  same  components  as  a  tuned  damped 
absorber. 

Our  approach  to  using  these  elements  will  be  different  from  the  tuned  damped  absorber  approach 
in  two  important  aspects.  First,  these  mass-dampers  are  designed  to  improve  structural  damping 


i  >aa-  ; 


at  frequencies  well  above  their  undamped  natural  frequency  by  using  an  impedance  matching 
approach.  Tuned  absorbers  are  frequency  tuned  to  add  damping  for  a  particular  structural  mode. 

Second,  these  mass-dampers  are  very  much  overdamped  (typical  f=1.2)  whereas  tuned  damped 
absorbers  are  typically  underdamped.  Because  they  are  very  much  overdamped  they  could  be 
accurately  modeled  as  a  simple  mass  and  damper  combination.  The  primary  purpose  of  the 
spring  is  to  support  the  static  weight  of  the  mass-damper  mass. 

We  derive  an  equation  for  the  mean  square  transfer  function  (TF)  <vp2>/  <  //>  for  this  system 
where  the  number  of  Mass- Dampers,  N  is  2  but  in  general  W  can  have  any  value.  From  the 
expression  for  the  TF  we  will  be  able  to  derive  an  equation  for  the  effective  resistance,  R ^ 
resulting  from  the  mass-dampers. 


Figure  3  Plate  with  2  Mass-Dampers. 


We  make  the  following  assumptions  in  performing  the  analysis: 

1.  Points  on  the  plate  move  independently,  i.e.  the  attachment  points  are  separated  by  a 
distance  greater  than  half  a  bending  wavelength. 

2.  The  dynamic  properties  of  the  plate  can  be  described  by  average  parameters  and  mean 
square  response. 

3  The  addition  of  passive  discrete  elements  does  not  significantly  affect  the  average  drive 
point  conductance  of  the  plate,  Gp. 
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We  analyze  this  system  by  exercising  two  reciprocal  analytical  "experiments".  In  "experiment 
1"  as  shown  in  Fig.  4  a  mean-square  force  <l2>  is  applied  to  the  plate  and  the  points  on  the 
plate  that  attach  to  the  two  dampers  are  "blocked".  Forces  <lb„/>  and  <!bl, ,2>  are  applied 
such  that  the  mean  square  velocities,  <  v;/>  and  <  v,,2>  at  these  points  are  zero.  We  assume 
that  the  system  is  linear  and  that  locations  11  and  13  are  typical  and  therefore  the  blocked 
forces  applied  at  these  points  are  equal. 


Figure  4  "Experiment  1"  with  input  force  <l2>  and  "blocked"  forces  </w;/>  and  </Wi;2>. 

We  also  assume  linearity  so,  that  the  "blocked"  force,  <  lbl2>  is  proportional  to  the  mean  square 
plate  velocity,  <v/’>  as  shown  by  eq.  (2). 

<l>  =  r'cv^  (2) 

tH  p 

Since  the  power  input  to  the  plate  equals  the  power  dissipated, 


(3) 


</?>G  =  c) ri  M  <v  *> 

i  p  '  p  p  p 


(4) 


where: 

</,*>-  mean  square  input  force 
Gf-  Real  Part  of  plate  mobility^Spjcc,)"1 
pj»  surface  mass  density 
k-  radius  of  gyration 
A«  plate  thickness 
Cj-  longitudinal  wave  speed 
H  ■  plate  loss  factor 
Mp-  plate  mass 

<v/>-  average  ms.  plate  velocity  over  space  and  time 


In  "experiment  2"  we  prescribe  2  equal  mean-square  velocities  <v',,2>  and  <v',/>  as  shown 
on  Figure  5.  Relating  the  prescribed  velocities  to  "blocked"  forces  from  "experiment  l"2,  i.e., 
<v*>  =  <lN2>  |  Ytf |2,  we  obtain  (5). 


Figure  5  "Experiment  2"  with  prescribed  velocity  inputs. 


<V',0J>=<V',12>=- 


10  I 


111 


HVG.I2 


(5) 


where: 

The  mean  square  plate  mobility  |  K,0 ! 2  is  given  by3  as  shown  in  equation  (6). 
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A 


<v'102>  =  prescribed  velocity  at  plate  -  damper  junction 
y,0=  driv  e  point  mobility  of  mass -damper 
Yn‘  drive  point  mobility  of  plate 

(6) 

where: 

0g-2»  input  conductance  variance  “90^/SM 
M-  modal  overlap  =II/t|^/26/ 
a\  =  input  susceptance  variance =o^-J 
/=  frequency  (Hz) 

5/»  average  modal  spacing 


If  we  assume  that  the  locations  of  the  mass-dampers  are  typical  and  therefore  the  velocities  at 
the  mass-damper  plate  are  the  same,  then  each  mass-damper  will  dissipate  the  same  amount  of 
power.  Furthermore,  in  order  for  energy  to  be  conserved  the  power  input  to  a  mass-damper  must 
equal  the  power  dissipated  by  it  as  shown  by  equation  (7). 

<vn  >R  -C  tv'  -v'  I2  (7) 

v  10  Aio  10  v  di 

where: 

*,o=  cio  /lyiolJ=  *  of  mass  damper  drive  point  impedance 
Gl0-  drive  point  conductance  of  mass -damper 
|y,0|2=  mean  square  drive  point  mobility  of  mass -damper 
v1 mass  -damper  mass  velocity 
Cd=  damper  constant 


The  power  input  and  dissipated  by  the  plate  is  given  by  equation  (8). 

A/<vn>^n=w  *1,  M<v2p> 


(8) 


By  reciprr  itv2  the  ratio  of  the  input  force  to  the  blocked  force  of  "experiment  1"  is  equal  to  the 
ratio  of  the  prescribed  velocity  to  the  mean  square  plate  velocity  of  "experiment  2”  as  shown 
by  equation  (9). 


Substituting  equations  (2), (4)  and  (8)  in  (9)  and  we  get  (1C:. 


1 


(10) 


We  can  now  get  an  expression  for  the  plate  velocity  at  the  mass-damper  plate  junction,  v’u  in 
terms  of  the  "free"  plate  velocity,  vp  by  substituting  (2),  (5)  and  (8)  in  equation  (10)  which  yields 

(ID- 


I  YjJ 

<V> 


It  can  be  shown4  that  by  considering  vI0  to  be  a  velocity  source  applied  to  the  mass-damper 
oscillator  then  the  relative  velocity  across  the  damper  can  be  defined  in  terms  of  the  mass- 
damper  mobilities  and  the  junction  velocity  as  shown  by  equation  (12). 


vio-va=vio 


w*, 


(12) 


where: 

vw«  velocity  at  plate,  mass -damper  junction 
vd*  mass-damper  mass  velocity 
Ya°  mobility  of  mass -damper  damper 
Yu=  mobility  of  mass -damper  spring 
Y^-  mobility  of  mass -damper  mass 


We  will  now  use  these  results  to  determine  the  mean-square  transfer  mobility  for  a  plate  with 
N  mass-dampers.  Since  the  system  is  conservative, 


n 


input 


plate  +  mass-dampers 


(13) 


The  input  power  is  simply  the  product  of  the  plate  drive  point  conductance  and  the  mean  square 
input  force  as  shown  by  eq.  (14). 


iW</H 


(14) 


The  power  dissipated  by  the  plate  is  given  by  eq.  (15)  and  is  equal  to  the  effective  resistance  of 
the  plate  times  the  mean-square  plate  velocity. 

=  (15) 

The  power  dissipated  by  the  mass-dampers  is  equal  to  the  product  of  the  number  of  mass- 
dampers,  N  the  damper  resistance  and  the  relative  mean-square  velocity  across  the  damper  as 
shown  by  eq.(16). 


I  )AA  8 


(16) 


n  -  c  *  v  -  v 

diss.  mass  -  damptrs  ~~  '  d  '  1 0  a  I 


If  we  can  now  combine  the  results  from  eqs.  (11 )-( 1 6)  to  solve  for  the  average  mean-square 
transfer  function  for  a  plate  with  N  mass-dampers  which  is  given  by  eq.  (17). 


<v  2> 


<l2j>  f 

1  ai\,Mp+NCJ- 


[  \rw+Yn\  \-'toY^Y^Y*r  YJ\  \ 


It  can  be  seen  from  eq.  (17)  that  the  TF  for  a  plate  with  mass-dampers  ha  ;  a  similar  form  to  that 
for  the  plate  alone  eq.  (1),  i.e.  ratio  of  conductance  to  resistance,  the  only  difference  being  the 
additional  term  in  the  denominator  of  (17)  which  is  the  effective  resistance  of  the  mass-dampers. 
Consequently,  eq.(17)  can  be  written  in  the  form  shown  by  eq,  (18). 

<v2>  G~ 

— ' ’■■■  = _ £ —  (18) 

<q> 


where; 

R  =  oq  M 

p  'p  p 


Y  1 1  Y  i2|  Y 

•f101  1  kj  I  1 1  c. 


We  define  the  rjffT  as  shown  in  equation  (19;. 


Several  FORTRAN  programs  were  then  written  to  evaluate  the  expressions  derived  here.  The 
results  are  discussed  in  the  following  see  bon. 

3.0  I>r /'FUSION  OF  ANALYTICAL  RKNULT.'. 


will  now  jof.4.  at  some  of  the  fend,  noCcted  1  v  tl  cm:  analyses.  More  specifically  we  will 


analyze  trend  predicted  n>r  eor.f.c  '.moons 


:> wc  nave  experimental  oata. 


The  p'ate  studied,  was  ’/8  in.  (3mm)  thick  ale  =  in  a  .’4  in.  (  61  m)  wide  by  30  in,  (,76m)  long. 
It  was  'll-!!  }  w n.h  a  free  layer  \i.vf  ••  '  d  u  my  treatment  and  had  an  initial 

average  ’os*  *•••::•  -r  ■■■•  .oO'7  ■'vnr  a  frequency  mw  o-  ;,,y)  doin'  He  We  studied  this  plate  with 
0,  10.  75  and  !"  T  .-ran’  n.i'.wl  ■  m  p*:  rr . 


The  plate  weighed  approximately  4  kg.  and  the  mass  dampers  added  were  from  5  to  20%  of  the 
plate  mass.  For  the  35  mass-damper  system  we  evaluated  the  effect  of  varying  the  damper 
constant,  Cd  on  system  performance.  Because  we  were  primarily  interested  in  the  500-2500  Hz 
frequency  range,  the  mass-damper  natural  frequency  was  set  to  40  Hz. 


Figure  6  shows  the  magnitude  of  the  average  acceleration/force  TF  versus  the  ratio  of  the  mass- 
damper  resistance,  Cd  to  the  Real  part  of  the  plate  impedance,  Re{Zp}.  These  calculations  are 
for  frequencies  ranging  from  500  to  10,000  Hz. 
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Figure  6  TF  vs.  CJRe{Zp)  for  plate  with  10  mass-dampers  evaluated  at  several  frequencies. 


It  can  be  seen  from  Fig.  6  that  there  is  an  optimum  ratio  for  which  the  transfer  function  response 
is  minimized  and  that  the  optimum  value  increases  with  frequency.  As  one  might  expect  with 
either  too  low  or  too  high  an  impedance  ratio,  the  reduction  in  response  is  minimal. 

This  makes  sense  if  we  take  this  concept  to  extremes.  For  example  if  Cd— 0,  there  would  be  no 
power  dissipated  by  the  mass-dampers.  On  the  other  hand  if  Cd=oo  the  damper  mass  would 
essentially  be  rigidly  attached  to  the  plate  and  hence  would  only  be  adding  mass,  again  with  no 
power  dissipation. 

It  can  also  be  seen  from  Figure  6  that  reduction  in  the  transfer  function  is  most  significant  at 
lower  frequencies.  This  data  shows  that  at  500  Hz  the  magnitude  of  the  TF  is  reduced  *6dB 
when  the  impedance  ratio  is  optimized.  Calculations  using  eq.  (17)  showed  that  if  we  rigidly 
attach  10  mass-dampers  (5%  plate  mass)  we  would  only  expect  about  a  0.2  dB  decrease  in  the 
TF  at  500  Hz. 

Figures  7  and  8  show  the  TF  magnitude  vs.  impedance  ratio  for  25  and  35  mass-dampers 
respectively.  Theses  curves  show  the  same  trends  as  the  10  mass-damper  case  but  with  a 
stnmger  effect  as  the  number  of  mass-dampers  is  increased.  With  35  mass-dampers  the  optimum 
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impedance  ratio  reduces  the  average  TF  by  10  dB,  lire  optimum  impedance  ratio  does  not 

change  significantly  as  the  number  of  mass-dampers  is  increased. 
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Figure  7  TF  vs.  Cd/Re{Zp}  for  plate  with  25  mass-dampers  evaluated  at  several  frequencies. 
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Figure  8  TF  vs.  Cd./Re{?.p}  for 


plait 


'•!ih  35  mass-dampers  evaluated  at  several  frequencies. 


Figure  9  snows  r?,,.  as  defined  by  eq.  (19)  as  a  function  of  the  impedance  latio  for  35  mass- 
dampers.  These  curves  show  that  loss  factors  greater  than  0  .  are  achieved  from  500-2000  Hz. 

It  can  also  be  seen  from  those  curves  that  considering  th.  \«  ••  •  f  *he  x  axis  there  is  a  thirl v 


broad  range  of  impedance  ratios  for  which  the  is  nearly 
If  we  choose  Cd  so  that  the  damping  by  the  muss  —  is 
TF  for  the  plate  with  visco-elastic  material  'one,  10,  25  ar 
TF  curves  shown  on  Figure  10.  These  curves  show  results 
treat i r .  'fs  m  that  large  improvements  art  made  u  >,../■] , 
are  nia  -e  by  adding  more  mass-dampers.  We  shod*!  rm'e 
damping  to  begin  w;?h  and  that  the  improvement  m  d,.  * 


maximized. 

maximized  at  iOOO  Hz  and  pit.  i  die 
id  35  mass -dampers  we  obtain  me 
similar  to  other  additive  damping 
:  -  <  - '  ••  fad;  smaller  improvements 
1 v  -  cr.  that  the  pice  had  some 
?  ’ib:11  ;b'e  to  *!v.  mass  dampers 
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Figure  9  tj^vs.  Cd/Re{Zp}  for  plate  with  35  mass-dampers  evaluated  at  several  frequencies, 
further  reduces  the  TF  as  much  as  10  dB  at  the  lower  frequencies. 


-1— —  no  danipers 
I  I  I  »=  10 

*  *  *  »>=25 

♦  ♦  *  m=35 


Figure  10  TFs  for  damped  plate  alone  and  with  10,  25,  and  35  mass-dampers. 


4.0  MASS-DAMPER  DESIGN 

Visco-elastic  materials  were  originally  considered  for  a  prototype  mass-damper  system  but, 
initial  calculations  showed  that  a  material  with  a  loss  factor  of  at  least  100  would  be  needed  for 
such  a  system  to  work,  while  present  materials  have  a  maximum  loss  factor  ot  »  1.  A  fluid  film 
damper  approach  was  chosen  because  of  the  simplicity  of  the  design  and  the  large  damping 
constants  that  can  be  achieved.lt  can  be  shown5  that  the  damping  resistance  for  a  circular  fluid 
film  damper  is  governed  by  eq.  (20). 
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(20) 


where: 

Cd~  damper  constant,  Naec/m 

dynamic  viscosity,  Nscc/m* 
d=  damper  diameter 
e-  fiim  thickness 


On  Figure  1 1  can  be  seen  a  sketch  of  the  prototype  mass-damper  system.  It  consists  of  an 
aluminum  disk  which  serves  as  both  the  damper  mass  and  the  fluid  film  damper  area.  The  disk 
diameter  was  34mm,  chosen  so  that  it  is  less  than  1/2  a  bending  wavelength  on  the  plate  at  2500 
Hz.  The  disk  is  supported  by  3  small  cylinders  of  polyurethane  foam  whose  spring  rate  was  such 
that  the  natural  frequency  of  the  system  was  40  Hz.  The  polyurethane  "springs"  were  bonded 
to  set  screws  which  were  used  to  vary  the  film  thickness,  e  and  hence  the  damping  constant,  Cd. 
A  bead  of  silicone  sealant  was  used  to  contain  the  glycerol.  Glycerol  was  chosen  as  the  damping 
fluid  because  of  its  high  dynamic  viscosity. 
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5.0  EXPERIMENTAL  APPROACH 


The  experiments  were  designed  to  measure  the  effect  of  varying  the  number  of  mass-dampers 
and  their  damping  constant,  Cd  on  the  average  TF  and  loss  factor,  t]  of  the  plate.  A  sketch  of 
the  experimental  setup  is  shown  on  Figure  13.  The  plate  was  supported  by  foam  rubber  to 
simulate  free-free  boundary  conditions.  A  8  channel  FFT  analyzer  was  used  to  measure  plate 
transfer  functions  for  the  locations  shown  on  Figure  14  for  the  3  different  quantities  of  mass- 
dampers  tested.  Average  TFs  were  calculated  by  averaging  the  magnitude  of  the  4  measured 
frequency  response  functions  using  the  GenRad  signal  processing  language  TSL2.  A  frequency 
resolution  of  0.25  Hz  was  used  for  all  measurements.  The  average  loss  factor  was  measured  for 
4  frequency  bands  using  the  integrated  impuise  technique6. 

6.0  EXPERIMENTAL  RESULTS 

6.1  EVALUATION  OF  MASS  LOADING  EFFECT  OF  MASS-DAMPERS  ON  PLATE 
VIBRATION 

Figure  12  shows  a  comparison  of  the  average  TF  of  the  plate  with  10  mass-dampers  and  the 
average  TF  of  the  plate  at  the  mass-damper  locations.  It  can  be  seen  from  this  Figure  that  the 


Figure  12  ("on 
mass-dampers. 


'he  average  Tree"  plate  TF  with  average  TF  of  the  plate  below  the 


2  curves  are  qum  similar  From  tins  comparison  we  conclude  that  the  r,  iss-dampers  are  not 

mass  load.ng  the  pla’e  but  me  acting  as  a  mass  damper  system  as  intended. 


6.2  EFFECT  OF  MASS-DAMPERS  ON  PLATE  q  AND  AVERAGE  TF 


The  analytical  data  shown  in  Figure  8  showed  that  an  impedance  ratio  of  0.3?  should  minimize 
the  TF  at  1000  Hz.  This  is  approximately  the  mid  pom  of  the  0-2500  Hz  frequency  band  of 
interest.  On  Table  1  can  be  seen  the  estimated  plate  loss  factor,  q  for  0.  10,  25  and  35  mass- 
dampers  tested  with  the  impedance  ratio  qua!  to  0.32.  It  can  he  seen  from  Table  1  that  there 
is  a  significant  increase  in  the  measured  plate  loss  factor  as  the  number  of  mass-dampers  is 
increased.  The  increase  is  on  the  order  of  200-500%  and  is  evident  over  frequency  span  of 
almost  2000  Hz.  It  should  be  noted  that  due  to  the  difficulty  of  measuring  the  fluid  film 
thickness  of  this  softly  sprung  system,  the  impedance  ratios  '  r  only  .  e  considered  approximate. 
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Figure  14  Accelerometer,  shaker  and  mass-damper  locations. 


Table  1:  Measured  Plate  Loss  Factor  t),  for  N=0, 10,25,35 

#  Mass- 
Dampers 

Added 

Mass 

Impedance 

Ratio 

Center  Freqs.  of  320  Hz  Wide  Bands 

N 

% 

Cd/Re{Zp} 

320  Hz 

960  Hz 

1600  Hz 

2240  Hz 

None 

0 

N/A 

0.007 

0.0040 

0.007 

0.008 

10 

5 

0.32 

0.009 

0.014 

0.012 

0.011 

25 

13 

0.32 

0.012 

0.014 

0.024 

0.026 

35 

18 

0.32 

0.015 

0.019 

0.025 

0.035 

n  aa-  1  f, 


Table  2  shows  the  affect  of  large  changes  in  the  impedance  ratio  on  the  plate  loss  factor  for  a 
fixed  quantity  of  mass-dampers.  We  would  expect  lower  ratios  to  provide  a  larger  loss  factor 
at  lower  frequencies  and  higher  ratios  to  provide  larger  loss  factors  at  higher  frequencies.  In 
general  that  data  on  Table  2  show  this  trend  except  that  we  would  have  expected  the  largest 
impedance  ratio  to  have  the  best  performance  in  the  2240  Hz  band. 


Table  2:  Measured  Plate  Loss  Factor  rj,  for  N=35  Cd/Re{Zp}  =  .21,.32,.94 

tt  Mass- 
Dampers 

Added 

Mass 

Impedance 

Ratio 

Center  Freqs.  of  320  Hz  Wide  Bands 

N 

% 

Cd/Re{Zp} 

i600  Hz 

2240  Hz 

35 

18 

0.21 

0.021 

0.025 

0.026 

0.029 

35 

18 

0.32 

0.015 

0.019 

0.025 

0.035 

35 

18 

0.94 

0.016 

0.014 

0.019 

0.028 

Figures  15  and  16  show  the  average  TF  for  the  damped  plate  alone  and  the  same  plate  with  35 
mass-dampers,  over  frequency  ranges  of  10-640  Hz  and  640-2540  Hz  respectively.  It  can  be 
seen  from  these  curves  that  above  300  Hz  the  magnitude  of  the  TF  is  reduced  by  as  much  as  15 
dB. 

7.0  COMPARISON  ON  ANALYTICAL  AND  EXPERIMENTAL  DATA 

A  comparison  of  experimental  and  analytical  TFs  can  be  found  on  Figure  17.  It  can  be  from 
these  curves  that  the  analysis  overestimates  the  TF  above  1000  Hz.  We  also  find  that  although 
the  experimental  and  analytical  data  have  the  same  trend  the  analysis  predicts  a  larger  reduction 
in  the  TF  due  to  the  addition  of  the  mass-dampers  than  was  measured  experimentally.  On 
average  a  9  dB  reduction  is  predicted  while  a  6  dB  reduction  was  measured.  Recent  data 
suggests  t’  it  these  differences  may  be  influenced  in  part  by  mass  loading  effects  of  the  silicone 
bead  useo  .o  contain  the  glycerol. 
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Figure  15  Comparison  of  average  TF  (10-640  Hz)  for  damped  plate  alone  and  damped  plate 
with  35  mass-dampers,  Cd/Re{Zj  =  . 32  . 
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Figure  16  Comparison  of  average  TF  (640-2540  Hz)  for  damped  plate  alone  and  damped  plate 
with  35  mass-dampers,  CJRe{Zp}  =  . 32  . 
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Figure  17  A  Comparison  of  analytical  and  experimental  average  TFs  with  and  without  35  mass- 
dampers. 

8.0  CONCLUSIONS 


SEA  techniques  have  been  used  to  predict  the  effect  of  impedance  matched  mass-dampers  on  the 
damping  of  a  rectangular  plate.  This  analysis  indicates  that  piate  damping  can  be  significantly 
improved  using  this  approach.  The  analysis  also  indicates  that  this  method  is  most  effective 
below  2500  Hz  for  the  plate  evaluated.  Analytical  work4  done  to  model  3  dimensional  structures 
as  2  dimensional  ones  has  indicated  that  this  approach  can  even  be  effective  below  50  Hz.  It 
appears  that  theoretically,  there  is  no  lower  limit  to  the  frequency  at  which  this  approach  is 
effective,  although,  more  mass  is  required  to  get  the  same  effect  at  lower  frequencies  and  the 
damping  effect  at  higher  frequencies  is  lessened. 

A  protot>,.„  impedance  matched  mass-damper  system  which  utilized  fluid  film  damping 
principles  was  built  and  tested.  Experimental  data  has  shown  that  this  approach  can  significantly 
improve  the  damping  of  a  plate.  Because  this  technique  does  not  share  strain  energy  with  the 
base  structure  but,  rather  looks  at  the  base  structure  as  a  velocity  source,  it  may  prove  useful 
in  damping  structures  where  it  is  difficult  to  design  a  strain  enm-gy  sharing  visco-elastic  system. 
Such  applications  would  typically  be  the  low  frequency  modes  of  structures  which  generally  have 
lower  bending  strain  energies.  Typical  applications  might  be  in  marine  hardware  to  reduce 
structu reborne  noise  levels,  in  buildings  to  reduce  wind  and  seismically  induced  vibrations  and 
in  automobiles  or  aircraft  to  reduce  low  frequency  vibrations  and  improve  passenger  cons  r' 


A  conceptual  sketch  of  one  such  design  is  shown  on  Figure 
could  b<  made  of  aluminum  or  plastic  and  a  hockey  puck  ci 
from  the  housing  in  3  orthogonal  directions. 


18.  It  consists  of  a  housing  which 

i pod  mas...  wmch  is  softly  sprung 


damper  mass 


Figure  18  Conceptual  sketch  of  a  mass-damper  design  which  provides  damping  in  3  orthogonal 
directions. 

The  fluid  level  and  film  thickness  between  the  mass  and  housing  are  designed  such  that  the 
system  provides  damping  in  3  orthogonal  directions,  independent  of  its  mounting  orientation. 
This  approach  is  the  subject  of  a  MIT  patent  application.  Many  other  configurations  are  possible 
but,  further  work  needs  to  be  done  to  evaluate  the  design  parameters  required  by  particular 
appplicatons. 
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Abstract 

A  test  structure,  namely  a  two-tiered  structure  (TTS),  was  used  as  a  physical  model  for  obtaining 
modal  parameters  of  flexible  structures.  These  parameters,  which  were  determined  analytically  and 
expeiimentally,  are  natural  frequencies,  mode  shapes,  and  damping  ratios.  In  the  analytical 
portion,  finite  element  method  (FEM)  was  used  with  MSC/NASTRAN,  MSC/pal  2,  and 
MSC/MOD.  In  the  experimental  part,  the  structure  was  excited  by  random  noise,  and  frequency- 
response  function  (FRF)  plot  and  modal  parameters  were  obtained.  Both  the  HP  3566A/3567A 
(Hewlett  Packard  Spectrum/Network  Analyzer)  and  STAR  System  (Structural  Measurement 
Systems  software)  were  utilized.  An  exact  model-reduction  technique  was  used  to  obtain  a 
complete  mathematical  model  of  a  reduced-order  system,  which  includes  the  reduced-order 
physical  mass,  stiffness,  and  damping  matrices. 


Introduction 

Analytical  and  experimental  modal  analysis  can  be  used  to  determine  dynamic  properties  or  modal 
parameters  of  flexible  structures.  These  modal  parameters  are  natural  frequencies,  mode  shapes, 
and  damping  ratios.  The  characteristics  of  flexible  structures  are  low  natural  frequencies,  low 
damping,  and  some  of  the  modes  are  closely  spaced. 

In  finite  element  analysis,  it  is  necessary  that  the  structure  under  consideration  is  modeled  using  a 
large  number  of  degrees  of  freedom  (DOF's)  for  accurate  results.  But  if  the  number  of  DOF's  is 
large,  the  results  from  finite  element  program  become  unmanageable  for  the  purpose  of  design  and 
analysis  of  vibration  control  or  for  subsequent  studies.  A  model  reduction  technique  [1]  can  be 
used  to  reduce  a  large-DOF  model  to  a  small-DOF  model  which  exactly  represents  the  first  few 
modes. 

In  experimental  modal  analysis  [2-4],  also  called  modal  testing,  natural  frequencies  and  damping 
ratios  can  be  obtained  from  the  frequency  response  function  (FRF)  plot.  In  modal  testing  it  is 
important  to  have  high-quality  test  setup,  testing  craftsmanship,  and  data  processing,  etc. 

The  equations  of  motion  of  a  structure  can  be  written  in  the  configuration-space  form  [5]  as 

mx  +  cx  +  kx  =  f  (1) 

where  m,  k,  and  c  are  the  physical  mass,  stiffness,  and  damping  matrices,  respectively;  and  f  is 
the  applied  forcing  vector. 

The  physical  mass  and  stiffness  matrices  of  a  structure  under  consideration  can  be  obtained 
analytically  by  the  given  physical  properties,  dimensions,  and  boundary  conditions;  however,  the 
physical  damping  matrix  must  be  determined  experimentally. 

A  complete  mathematical  model  of  a  reduced-order  system  will  be  determined,  which  includes  the 
reduced-order  physical  mass,  stiffness,  and  damping  matrices. 

The  Test  Structure 

The  test  structure,  a  two-tiered  structure  (TTS),  shown  in  Fig.  1,  is  chosen  so  it  can  be  used  for 
studying  vibration  characteristics  of  flexible  structures.  It  was  designed  specifically  to  possess  the 
following  characteristics: 

.  low  natural  frequencies,  light  damping,  and  intuitive  mode  shapes  for  the  first  few  modes 
.  inexpensive  and  easy  to  build 

.  instructive  for  analytical  analysis  and  computer  simulation,  and  experimental  modal  analysis 

Finite  Element  Model 

A  finite  element  model  of  the  structure  is  created  using  MSC/MOD  (Fig.  2).  The  floors  and  the 
columns  are  modeled  by  plate  elements  and  bar  elements,  respectively.  The  brackets  connecting 
the  plates  and  columns  arc  modeled  by  concentrated  mass  elements.  The  model  has  136  elements, 
146  nodal  points  and  790  (active)  degrees  of  freedoms  (n  =  790).  It  may  appear  that  the  number  of 
plate  elements  is  more  than  adequate;  however,  in  this  study,  the  model  is  relatively  small  and 
simple  so  that  mesh  optimization  is  ignored. 

The  finite  element  model  is  then  analyzed  by  using  two  commercially  available  finite  element 
analysis  packages:  MSC/NASTRAN  (on  main-frame  computer),  and  MSC/MOD  and  MSC/pal  2 
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(on  MS-DOS  machine)  [6].  The  undamped  natural  frequencies  obtained,  using  these  packages,  are 
given  in  Table  1,  and  the  corresponding  mode  shapes  (from  MSC/pal  2)  are  shown  in  Figs.  3-8. 

Exact  Model  Reduction 

For  the  undamped  free  vibration  or  eigenvalue  problem,  Eq.  (1)  reduces  to 

mx  +  kx  =  0  (2) 

When  the  structure  vibrates  in  its  natural  modes,  we  have 

(k  -  cor7m)(pr  =  0  r  =  1, 2, ...,  n  (3) 

where  a)r  and  (pr  are  the  undamped  natural  frequencies  and  the  corresponding  mode-shape  vectors, 
respectively. 

The  orthogonality  properties  are  mass  normalized  so  that  the  modal  mass  and  stiffness  matrices  are 
given  as 


M  -  =  I 

,  r  21  (4) 

K  =  cbrk<b  =  ^ag[cor2]  r  =  1, 2, ...,  n 
where  the  full-order  (mass-normalized)  mode-shape  matrix  is  given  as 

$2  -  t]  (5) 


T'he  full-order  physical  mass  and  stiffness  matrices  can  be  written,  from  Eq.  (4).  as 

m  = 

k  =  <t>~Tdiag[a)ri'\<&~x  r  =  1,  2,  ...,n 


(6) 


The  790-DOF  full-order  model  (n  =  790)  is  reduced  to  a  6-DOF  reduced-order  model  (m  =  6) 
which  exactly  represents  the  first  six  modes  using  [1],  The  reduced-order  model  is  obtained  by 
selecting  i.  c  four  translational  DOF's  located  at  the  centers  of  the  floors  for  the  first  four  bending 
modes.  For  each  of  the  first  two  torsional  modes,  the  angular  DOF  is  defined  by  a  set  of  any  two 
translational  DOFs  of  a  given  floor.  Using  the  numerical  values  of  the  full-order  mode-shape 
matrix  (from  MSC/NASTRAN,  not  shown),  the  reduced-order  mode-shape  matrix  can  be  selected 
as 
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where  the  subscript  R  denotes  reduced-order  model. 

The  differential  equations  for  undamped  free  vibration  of  the  reduced-order  model  are  given  as 


mR*R  =0 


where 


=  <VT<V1 


kR=®R-Tdiag[cor2]®R-'  r  =  1,: 
x*={*i  1  *2  ^  1  ^}T 


r  =  1, 2, m 


The  numerical  value  1  in  Eq.  (10)  has  dimension  of  length  so  xR  is  dimensionally  homogeneous, 
and  the  subscripts  1  and  2  denote  the  middle  floor  and  the  top  floor,  respectively  (Fig.  1). 

Introducing  <$R  from  Eq.  (7)  arid  0)r  from  Table  1  (MSC/NASTRAN)  into  Eq.  (9),  we  have 
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The  numerical  value  1 2  in  Eq.  (1 1)  has  dimension  of  length  squared  so  the  elements  of  mK  and  k, 
have  proper  dimensions. 
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Modal  Testing 


The  experimental  setup  is  shown  in  Fig.  9.  Continuous  random  signal  and  Hanning  window  were 
used  to  obtain  the  FRF  plot  (Fig.  10).  This  plot  includes  the  first  six  modes  of  the  structure,  of 
which  the  natural  frequencies  can  be  read  directly.  In  the  process  of  obtaining  the  modal  damping 
ratios,  the  FRF  data  was  first  converted  from  the  HP  3566A/3567A  format  to  the  STAR  System 
format,  then  curve  fitting  methods  were  used.  For  widely  spaced  modes,  the  determination  of 
damping  ratios  by  curve  fitting  is  straight  forward;  because  in  these  modes,  the  structure  behaves 
as  if  it  were  single  degree  of  freedom  (SDOF).  However,  for  closely  spaced  modes,  the  damping 
ratios  are  difficult  to  obtained  with  great  accuracy.  The  experimental  results  for  natural  frequencies 
C0r  and  damping  ratios  £)  are  given  in  Table  2. 

Physical  Damping  Matrix 

A  physical  damping  matrix  can  be  determined  as 

c*  =  d>Arftfmg[2grC0r]  <V:  r  =  1,  2, ...,  m 

The  modal  damping  matrix  is  given  as 

(C,)e  =diag[2<;ro)r}  =  diag[0.4Xm  0.3314  0.1633  0.9068  0.8671 
or 

{CK)a  =  dias[2qr(Dr]  =  dia&[Q.m2  0.3191  0.1184  0.9392  0.8767 

where  (0r  in  Eqs.  (13)  and  (14)  are  the  experimental  and  analytical  (MSC/NASTRAN,  Table  1) 
natural  frequencies,  respectively. 
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Introducing  Eqs.  (7,  13;  into  Eq.  (12),  we  have 
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The  numerical  value  l2  in  Eq.  (15)  has  dimension  of  length  squared  so  cK  is  dimensionally 
homogeneous. 


Concluding  Remarks 

A  complete  mathematical  model  of  the  reduced  order  system  has  been  determined,  as  given  by 


It  should  be  noted  that  the  physical  damping  matrix  can  be  obtained  using  the  experimental 
damping  ratios  and  experimental/analytical  natural  frequencies  and  mode-shape  matrix.  If  the 
physical  damping  matrix  is  proportional,  the  modal  damping  matrix  is  diagonal,  or  if  the  off- 
diagonal  elements  of  the  modal  damping  matrix  are  negligible,  then  the  physical  damping  matrix 
can  be  approximated  as  proportional.  Modal  analysis  can,  then,  be  performed  since  the  equations 
of  motion  can  be  decoupled  via  orthogonality  properties  [7], 

Table  1  shows  that  the  results  obtained  from  the  finite-element  model  agree  very  well  with  the 
experimental  results  in  bending  modes  but  not  so  well  in  torsional  modes.  Some  explanation  for 
these  discrepancies  is  currently  being  sought. 
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Table  1  Comparison  of  Experimental  and  Analytical  Natural  Frequencies 


Mode 

Number 

Experimental 

(Hz) 

MSC/pal  2 
(Hz)  (%  Diff.) 

MSC/NASTRAN 
(Hz)  (%  Diff.) 

1 

2.125 

2.184  (+2.78) 

2.228  (  +  4.85) 

2 

2.334 

2.225  (-4.76) 

2.247  (-3.73) 

3 

3.938 

2.796  (-29.00) 

2.854  (-27.53) 

4 

5.594 

5.746  (+2.72) 

5.794  (+2.77) 

5 

5.750 

5.789  (+0.68) 

5.814  (+1.11) 

6 

9.188 

7.224  (-21.38) 

7.311  (-20.43) 

Table  2  Experimental  Natural  Frequencies  and  Damping  Ratios 


Mode 

Number 

Frequency 
(Hz)  ' 

Damping  Ratio 
(%) 

1 

2.125 

1.44 

2 

2.334 

1.13 

3 

3.938 

0.33 

4 

5.594 

1.29 

5 

5.750 

1.20 

6 

9.188 

0.24 
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The  test  structure  (Aluminum  6061-T6)  Fig,  2  Finite  element  moc.el 
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Fig.  10  Frequency  Response  spanning  the  first  6  modes 
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DEVELOPMENT  OF  A  MAGNETIC 
SUSPENSION  SYSTEM  FOR  RELIABLE 
VIBRATION  DAMPING  MEASUREMENT 


D ant  am  K.  Rao1 
Mechanical  Technology,  Inc. 

Latham,  NY 

ABSTRACT 

The  damping  properties  of  viscoelastic  polymeric  materials,  as  measured  by  dif¬ 
ferent  organizations  and  test  techniques,  often  differ  considerably.  Sources  for  the 
discrepancy  include  parasitic  energy  dissipation  at  clamped  supports  of  sandwich 
beam  configurations,  as  well  as  imperfect  simulation  of  a  perfect  clamped  end  condi¬ 
tion.  This  uncerU  inty  can  be  eliminated  by  magnetically  suspending  the  test  beam 
in  a  free  configuration,  without  mechanical  contact  for  pickup  or  excitation. 

This  paper  will  describe  an  approach  tc  develop  a  proof-of-principle  magnetic 
suspension  system  to  levitate  a  typical  test  beam.  The  magnetic  suspension  system 
consists  of  an  attraction  electromagnet  whose  stiffness  is  controlled  by  closed  loop 
feedback  system. 

Controllable  stiffness  of  magnetic  suspension  will  help  eliminate  measurement 
discrepancies  attributable  to  the  use  of  different  fixtures  by  different  organizations 
to  clamp  sandwich  beams 
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VEM  CHARACTERIZATION  PROGRAM 


Bryce  L.  Fowler* 
CSA  Engineering,  Inc. 
Palo  Alto,  California 


ABSTRACT 

The  development  and  use  of  an  interactive  computer  program  for  the  characterisa¬ 
tion  of  complex  modulus  data  is  described.  The  program  uses  the  collocation  process 
which  accurately  fits  the  real  part  of  the  complex  modulus  data  and  then  uses  the 
lack  of  fit  of  the  loss  factor  to  adjust  the  temperature  shift  function.  This  iterative 
method,  which  has  converged  when  both  the  real  modulus  and  the  loss  factor  are 
fit  simultaneously  (the  real  directly  and  the  loss  factor  indirectly),  yields  the  most 
accurate  estimate  of  the  temperature  shift  function  possible. 
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1.  Introduction 


Successful  design  of  passive  damping  treatments  using  viscoelastic  materials  (VEM’s) 
such  as  elastomers  depends  upon  several  factors.  One  important  factor  is  accurate 
knowledge  of  the  sensitivity  of  VEM  properties  to  variations  in  temperature  and  fre¬ 
quency.  Since  it  is  impossible  to  test  a  viscoelastic  material  at  every  combination  of 
temperaturp  and  frequency,  the  material  is  tested  at  discrete  temperatures  and  fre¬ 
quencies  and  a  mathematical  relationship  is  developed  that  characterizes  the  material 
at  all  other  combinations  of  temperature  and  frequency.  This  process  is  referred  co 
as  characterization. 

The  equations  used  in  characterization  are  parametric  in  nature.  They  are  easily 
represented  on  computers.  The  difficulty  lies  in  correctly  choosing  the  equation  pa¬ 
rameters  so  that  they  accurately  represent  the  VEM’s.  Interactive  computer  graphics 
have  greatly  improved  the  process  of  choosing  and  adjusting  the  correct  parametric 
values. 

This  paper  describes  a  recently  developed  computer  program  which  implements 
the  Collocation  process  [lj  to  accurately  characterize  viscoelastic  materials. 


2.  VEMINT  MAC 

VEMINT  MAC  is  a  computer  program  developed  to  run  on  Apple  Macintosh  II 
computers.  It  fully  utilizes  the  Macintosh  windowing  environment  to  allow  point- 
and-click  manipulation  of  complex  modulus  data.  VEMINT  MAC  incorporates  new 
characterization  models  as  well  as  many  of  the  models  used  in  the  past. 

Five  analytical  representations  of  the  temperature  shift  function  (TSF,  or  07)  are 
available.  They  are 

1.  Spline  fit  of  slope 

2.  WLF  equation 

3.  log(ax)  is  an  exponential 

4.  d(log(ar)) / dT  is  quadratic  in  1/T 

5.  Arrhenius  equation 

The  “Spline  fit  of  slope”  model  is  discussed  later  in  more  detail.  VEMINT  MAC 
also  has  the  capability  to  use  the  historical,  discretized  (tabulated  for  each  experi¬ 
mental  temperature)  representation  of  «t- 
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Figure  1.  VEMINT  MAC  data  window 

Seven  complex  modulus  equations  are  available  in  VEMINT  MAC.  They  are 

1.  Ratio  of  factored  polynomials 

2.  Rogers  empirical 

3.  Bagley  fractional 

4.  Huct  fractional 

5.  Capps  polynomial 

t>.  Nashif  8  parameter 

7.  Nashif  15  paxameter 

Data  and  model  parameters  are  displayed  by  VEMINT  MAC  in  a  spreadsheet-like 
window  in  which  characterization  models  are  chosen  using  popup  menus  (Figure  1). 
VEM  data  is  read  into  VEMINT  MAC  in  the  form  of  ASCII  text  files  with  the  format 
shown  in  Figure  2.  Tab-delimeted  and  English  data  formats  are  also  supported.  The 
data  in  Figure  2  has  already  been  characterized.  New  uncharacterized  data  must  have 
the  same  general  format,  but  only  the  first  four  data  fields  are  necessary,  as  shown  in 
Figure  3. 
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Figure  2.  VEM  data  previously  characterized 

The  Macint'  T,.  windowing  interface  is  fully  utilized  to  allow  the  user  to  simulta¬ 
neously  d,:  pi  rr  ipK-  plots  and  data  side-by-side.  Erroneous  points,  as  might  be 
observed  •.  _ne  .v'vket  or  the  reduced  frequency  plots,  may  be  double-clicked  on  and 
their  corresponding  values  are  displayed  in  the  data  window. 

The  Collocation  method  is  used  to  characterize  all  new  data.  The  method  uses 
the  “Spline  fit  of  slope”  temperature  shift  model  in  conjunction  with  the  “Ratio 
of  factored  polynomials”  complex  modulus  model.  This  is  described  ««■>  more  detail 
below. 

Once  characterized,  hardcopy  of  plots,  such  as  the  International  and  Wicket  plots, 
as  well  as  numerical  data  may  be  laser  printed.  VEMINT  MAC  provides  all  the  plots 
and  data  described  in  the  proposed  ISO  standard  [4],  These  are 

1.  An  updated  tabulated  data  file 

2.  Riots  of  log ( 77)  vs.  log(C*, w (/. TV)  in  S.I.  and  English.  (Wicket  plot) 

T  A  plot  of  log(a7), d(log(or))/dT,  and  apparent  activation  energy  vs.  tempera¬ 
ture 
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Figure  3.  Uncharacterized  VEM  data 
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4.  A  plot  of  log(ar)  vs.  1  /temperature 

5.  Plots  of  log ( frequency )  vs.  temperature.  (S.I.  and  English) 


6.  Plots  of  log(G’*M/,T)),log(G*/(/,T)).  and  log(r/ )  vs.  temperature,  (S.I.  and 
English) 

7.  Plots  of  log(r/)  vs.  log [G* ,T))  with  constant  temperature  lines  and  an  ex- 
perirnental  frequency  axis  (Reduced  Wicket  plot)  in  both  S.I.  and  English 

8.  Plots  of  log(t7'ft(/,  T)),  log(G*/  (/,  T)),  and  log(r/)  vs.  reduced  frequency  with 
constant  temperature  lines  and  an  experimental  frequency  axis  (International 
plot)  in  both  S.I.  and  English 


3.  Temperature  Shift  Function 


Historically,  the  WLF  equation  [2]  has  been  used  to  define  the  TSF.  This,  however,  has 
not  been  able  to  shift  all  viscoelastic  material  data  correctly  outside  the  transition.  A 
new  approach  is  to  use  a  spline  fit  of  the  slope  of  logQr  for  a  relatively  small  number 
of  temperature  points  (e.g.,  7  points)  to  define  the  TSF.  The  temperature  points  are 
calculated  such  that  the  corresponding  nr  values  are  equally  spaced  on  the  vertical 
log  scale. 

The  Wicket  plot  (Figure  4)  is  used  interactively  to  obtain  values  for  the  maximum 
loss  factor  (r/max),  the  rubbery  modulus  asymptote  (Gey  and  the  glassy  modulus 
asymptote  (Gg).  The  transition  region  is  defined  by  r/cutofr.  which  is  calculated  as 

b  -  1  fimfix 

Th**  reference  temperature,  rref,  is  obtained  in  two  steps,  first  as  the  average  of 
the  temperatures  defining  the  transition  region,  Tren  =  (TclU<)ff_mm  i  Tcutotf_ni*x)/2. 
In  [3!  it  was  shown  that  the  time-dependent  stress-strain  relations  for  a  viscoelastic 
material  in  the  transition  region  is  described  by 


where 


3 

r 


G  ( In ) 


aretan 


:  r?m;ix  j(  i  -  C2)  •  2  (1  -  C)  C"r2(  1 
;  ( 1  -  cr  -  4 T'^Lv) 


0\/G,} 


(1) 
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Figure  4.  Wicket  plot  used  to  determine  parameters 


Solving  for  ay/ gives 

Mr,)  i  [Gj-c.]1 

/*.  j7,Ig,-g;J 

By  fitting  a  quadratic  through  the  data  points  defined  within  the  transition  by 
V  >  ^cutoff  an  initial  value  for  the  slope  of  the  log  of  ay  at  Tre n  is  calculated.  Next, 
a  quadratic  fit  of  log  77  versus  reduced  temperature,  where  the  reduced  temperature 
is  given  by 

Fred,  =  - 

1  + 

is  used  to  calculate  Ttef  =  Tre j  evaluated  at  A  value  of  100  Hz  is  presently  used 

for  /ref.  The  final  reference  slope,  5ref,  is  re-calculated  from  the  quadratic  through 
Equation  2. 

A  plot  of  log  ay  versus  T  is  then  displayed,  where  ay  is  calculated  from  the 
“d(log(ay))/dT  is  quadratic  in  1/T”  equation.  As  shown  in  Figure  5,  the  user  may 
adjust  the  temperature  shift  function  outside  the  transition  by  changing  the  values 
of  d(log(ar)) / dT  (designated  as  SAL  and  SAZ)  at  the  endpoints.  Finally,  ay  is 
calculated  as  the  integral  of  the  spline  of  the  slope,  where  the  constant  of  integration 
is  given  by  ay  =  1.0  at  Trpf. 


-‘exp, _ 

'°g(/«P,/ /rqfj'T'eEp, 
■5r.fl  T.ri 
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Figure  5.  Adjust  d(log(a7'))/dT  endpoints 

The  accuracy  of  the  TSF  parameters  is  checked  by  looking  at  a  plot  of  the  complex 
modulus  data  versus  the  reduced  frequency.  The  spline  knots  may  be  interactively 
adjusted  if  any  isotherm  “shingles”  are  observed  (Figures  6  and  7).  Note,  the  reduced 
frequency  at  each  temperature  knot  is  calculated  as 

/fl,  =  <*T  (Tknoti)  /ref  (4) 

where  fre \  here  is  calculated  as  the  geometric  mean  of  the  experimental  frequencies 

log  (/ref)  =  (51  /exp, 

\>=1 

4.  Complex  Modulus 

The  “Ratio  of  factored  polynomials”  model  is  given 


where 


•v  1  4 

G(z)  =  GeY\ 


<-i  1  } 


by 

), 


r 


(6) 


z  =  j2ttJr 

=  (C,IG,)ms 
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Figure  6.  Spline  knots  may  be  interactively  adjusted 


Figure  7.  Reduced  frequency  after  gross  spline  knot  adjustment 
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In  the  present  effort  =  0.7  although  values  from  0.5  to  1.0  have  been  used  in 
the  past. 

Initial  values  of  rt  are  generated  by  first  calculating  logarithmically  even  spaced 
values  between  Ge  and  Gg  with 

Grm  —  Gee 

Gf\t2  =  Gfuie2 

Gfitn  =  Cfitn-lC2 


A  smoothing  spline  is  fit  to  the  magnitude  complex  modulus  versus  the  reduced 
frequency.  To  ensure  full  coverage  from  rubbery  to  glassy  plateaus,  the  spline  is 
extended  six  decades  below  and  above  the  minimum  and  maximum  experimental 
reduced  frequencies  respectively.  Each  r,  is  initialized  as  the  reduced  frequency  at 
each  Gfitl  on  the  spline.  The  r,  values  are  then  iteratively  refined  with 

r.new  =  r.oidf  )  (7) 

\  J ftcurvei  / 

to  fit  Equation  6  to  the  magnitude  modulus  spline,  where  /ficurvei  is  the  reduced 
frequency  for  Equation  6  which  returns  Gfitl  The  exponent  (  is  set  less  than  unity  to 
keep  individual  iterative  steps  from  overshooting  the  spline.  A  value  of  0.5  is  presently 
used. 

5.  Collocation 

In  addition  to  the  smoothing  spline  fit  through  the  magnitude  modulus  versus  reduced 
frequency,  a  smoothing  spline  is  also  fit  through  rj  versus  the  reduced  frequency.  This 
is  assumed  to  be  the  best  estimate  of  the  experimental  loss  factor.  Starting  with 
the  TSF  knot  closest  to  the  reference  temperature  and  alternately  working  out,  the 
corresponding  reduced  frequency  is  calculated  using  Equation  4.  The  equation 

c  _  c  arctan  (77 CUrv«?,)  /0^ 

*^newi  —  ^oldi  /  \  \&) 

arctan  [riexPiJ 

is  then  used  to  iteratively  adjust  the  TSF  based  on  the  lack  of  fit  of  Equation  6.  (Note, 
within  the  program,  Snewi  is  constrained  to  be  within  a  user-defined  percentage  of 

‘-’oldj  •) 

This  is  in  contrast  to  [1]  where  the  Wicket  plot  was  used  to  make  the  comparison 
between  r;,curve  and  r?,oxp.  The  change  to  using  rj  versus  reduced  frequency  alleviates 


DBA- 10 


Figure  8.  Loss  factor  divergence  at  x0 

possible  problems  encountered  with  numerical  ill  conditioning  outside  the  transition 
where  the  slope  of  the  Wicket  typically  gets  steep.  The  plot  of  77  versus  reduced 
frequency  is  easily  extended  to  allow  the  interactive  adjustment  of  the  TSF  knots 
directly  on  the  computer  screen  as  seen  in  Figures  6  and  7. 

After  all  the  TSF  knots  have  been  adjusted,  the  smoothing  splines  are  re-fit  for 
both  the  magnitude  modulus  and  the  loss  factor  to  the  new  reduced  frequency  and 
Equations  7  and  8  are  repeated.  The  process  stops  when  Sne w  is  within  1%  of  S0\d 
for  every  knot,  or  when  a  user  specified  number  of  iterations  have  taken  place. 


6.  Observations 

The  need  for  good  characterization  has  always  been  present.  With  advances  in  damp¬ 
ing  design  tools  the  need  has  become  even  more  critical. 

The  program  VEMINT  MAC  has  gone  a  long  way  toward  more  accurate  charac¬ 
terization  of  VEMs;  however,  numerical  difficulties  still  exist.  It  has  been  obs  rvcd 
that  outside  the  transition,  r)CUTve  and  r)exp  may  begin  to  diverge  at  some  reduced 
frequency.  This  may  be  especially  true  when  coverage  of  experimental  frequency  is 
limited  (Figure  10).  A  correction  can  be  applied  to  the  rt’s  that  does  not  change  the 
modulus  appreciably  but  does  correctly  adjust  the  loss  factor  and  is  the  subject  of 
further  study. 


DBA-1  1 


VEMINT  MAC,  provides  a  great  increase  in  the  speed  and  accuracy  with  which 
damping  material  characterizations  may  be  processed.  The  materials  user  may  quickly 
find  particular  data  points  and  set  initial  parameter  values  using  the  graphical  inter¬ 
face. 

The  use  of  the  Collocation  method  effectively  allows  the  data  to  define  the  TSF, 
thus  precluding  possible  errors  due  to  operator  bias.  Numerical  instabilities  still  need 
to  be  addressed,  however. 
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ABSTRACT 

Measurements  of  the  damping  properties  of  materials  continues  to  be  a  major 
effort  at  Anatrol  to  provide  the  basis  for  using  both  the  damping  and  isolation 
technologies.  The  current  library  of  the  damping  properties  at  Anatrol  contains 
over  a  thousand  materials  and  is  being  expanded  on  a  daily  basis.  Those 
materials  have  been  completely  characterized  for  their  damping  properties  and  are 
stored  on  the  computer  in  terms  of : 

*  temperature  and  frequency 

*  dynamic  and  static  non-linearities 

*  creep  and  relaxation  behavior 

*  aging,  outgassing,  etc. 

The  properties  for  most  of  these  materials  have  been  measured  by  more  than  one 
technique  covering  wide  ranges  of  temperatures  and  frequencies  to  ensure  their 
accuracies  and  to  arrive  at  the  appropriate  shift  factor  reducing  the  data. 

This  paper  will  give  examples  of  the  properties  for  various  families  of  materials 
currently  on  the  data  base  and  how  they  can  be  accessed  by  various  users  working 
in  the  damping  and  isolation  areas. 


Anatrol  Corporation,  10895  Indeco  Drive,  Cincinnati,  Ohio,  45241 
Tel:  (513)  793-8844 
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I .  INTRODUCTION 


Reducing  noise  and  vibration  levels  in  various  products  has  been  receiving  more 
and  more  attention  in  recent  years.  This  increased  level  of  awareness  has  been 
caused  not  only  by  the  need  to  build  better,  more  efficient  items,  but  also 
because  products  with  low  noise  and  vibrational  response  are  now  being  perceived 
as  having  better  quality.  Products  with  low  noise  and  vibrational 
characteristics  can  be  designed  by  implementing  both  passive  and  active  control 
systems.  The  approach  for  passive  control  systems  consists  of  mainly  using 
structural  m  .-iff ications ,  damping,  and  isolation.  Before  either  the  damping 
and/or  the  isolation  technologies  can  be  properly  utilized,  hove’"'1'  a  good 
knowledge  of  the  dynamic  behavior  of  the  materials  as  functions  of  dir.ferent 
environments  needs  to  be  known.  Without  such  properties  on  hand  it  becomes  very 
difficult  to  perform  the  analysis  and  optimize  the  design  for  a  given  system. 

Available  information  on  the  properties  of  materials,  either  from  manufacturers 
or  in  the  open  literature,  is  limited,  has  considerable  scatter,  and  covers  only 
some  environmental  ranges.  To  overcome  these  limitations,  Anatrol  has  undertaken 
the  task  of  measuring  and  evaluating  the  dynamic  properties  of  materials  under 
various  conditions.  This  information  has  been  gathered  to  establish  an  extensive 
data  base  used  to  assist  in  the  design  and  implementation  of  passive  control 

system*1'  Over  the  past  fourteen  years,  measurements  have  been  made  on  several 

thousand  different  materials  including  structural  adhesives.  PSA’s,  plastics, 
enamels,  rubber  materials,  foams,  and  composites. 

The  various  techniques  that  have  been  used  to  measure  the  dynamic  properties  of 
materials  at  Anatrol,  include  those  that  are  in  the  frequency  domain,  such  as  the 

impedance  and  beam  techniques,  and  those  that  are  in  the  time  domain,  such  as  the 

relaxation  and  creep  techniques.  From  those  measurements  the  properties  of  the 
specific  material  of  interest  is  then  generated  in  terms  of  temperature, 
frequency,  static  non-linearity,  dynamic  non-linearity,  and  time  under  load. 
Those  properties  are  then  curve  fitted  with  analytical  expressions  and  stored  or 
the  computer  as  analytical  functions  along  with  other  information,  such  as  their 
form  of  availability,  resistance  to  solvents,  outgassing,  aging  effects,  and  sc 
on . 

The  purpose  of  this  paper  is  to  describe  the  current  data  base  that  is  now 
available  at  Anatrol.  and  how  it  can  be  accessed  by  users  to  design  various 
passive  control  svstems.  Specific  deTails  regarding  the  measurement  techniques, 
presentation  of  the  data,  and  the  curve  fitting  analysis  can  be  found  ir 
Reference  1  1  :  . 

II.  HEASUREHENT  TECHNIQUES 

Different  measurement  techniques  are  needed  to  evaluate  the  dynamic  properties 
of  materials  because  such  properties  vary  greatly  with  the  differeni 
environments,  and  currently  there  is  no  one  technique  that  is  capable  of  covering 
such  extreme  ranges  Another  important  reason  for  generating  the  data  bv  mor; 
than  one  technique  is  to  cover  wide  temperature  and  frequency  ranges  fur  the 
measurements  to  establish  confidence  in  using  the  temperature- frequency 
superposition  principle.  Without  having  measured  the  Huts  over  such  wide 
temperature  and  frequency  ranges  and  verified  the  accuracy  of  t-he  shift  factor 
the  use  of  tin  f empc  tat ure - frequency  superposition  principle  is  likely  to  hr 
questioned.  Anatrol  bar,  put  forth  the  extra  effort  to  make  the  measurements  b'' 


several  techniques  and  over  wide  temperature  and  frequency  ranges  to  establish 
good  confidence  in  the  data  base. 

The  various  techniques  that  have  been  primarily  used  to  generate  the  material 
properties  in  the  data  base  include,  the  beam  technique,  the  impedance  technique, 
and  the  relaxation  and  creep  techniques  .  Both  the  beam  and  impedance  techniques 
are  used  to  measure  the  dynamic  properties  of  materials  in  the  frequency  domain 
at  different  temperatures  and  dynamic  loading  conditions.  The  creep  and 
relaxation  techniques  are  used  to  measure  the  relaxation  modulus  and  the  creep 
compliance  as  functions  of  time  under  different  loading  conditions. 

TT.l  BEAM  TECHNIQUE 

The  beam  technique  is  used  to  measure  the  dynamic  properties  of  materials  in 
either  shear  or  tension/compression  over  wide  temperature  and  freauency  ranges, 
in  the  linear  region  of  the  material  in  terms  of  strain  amplitude.  The  frequency 
range  where  this  technique  is  typically  used  is  between  from  about  50  to  5,000 
Hz.  The  technique  is  based  on  combining  the  material  of  interest  to  a  metal  beam 
and  making  measurements  on  the  composite  system.  By  knowing  the  frequencies  of 
the  various  modes  of  vibration  and  their  damping  values  along  with  the  geometry 
of  the  beam,  the  dynamic  properties  of  the  material  under  test  can  be  computed 
independent  of  the  geometry.  Typical  properties  for  a  material  measured  in  shear 
by  the  beam  technique  are  given  in  Figure  1. 

1 1. 2  IMPEDANCE  TECHNIQUE 

The  impedance  technique  consists  of  applying  a  known  force  into  a  sample  and 
measuring  the  resultant  displacement .  The  force  and  displacement  signals  and  the 
phase  angle  between  them  are  used  to  compute  the  dynamic  properties  of  the 
materials.  Loading  is  typically  applied  in  either  tension/compression  or  shear, 
depending  on  the  geometry  of  the  sample,  to  generate  either  Young's  modulus  or 
the  shear  modulus.  The  impedance  technique  can  cover  frequency  ranges  from  as 
low  as  1CT5  Hz  to  1000  Hz.  It  is  difficult  to  use  the  impedance  technique  at 
higher  frequencies  because  of  fixture  resonances.  Also,  it  is  difficult  to  use 
this  technique  for  may  materials  when  testing  in  the  glassy  region  because  the 
test  specimen  can  approach  the  stiffness  of  the  fixture.  Even  with  such 
limitations  however,  the  material  properties  can  be  generated  over  wide 
temperature  and  frequency  ranges.  Also,  by  using  simple  geometry  and  varying  the 
force,  the  behavior  of  the  material  in  terms  of  loading  (static  or  dynamic)  can 
be  measured. 

Figure  2  represents  the  results  measured  by  the  impedance  technique  in  shear  over 
a  wide  frequency  range  and  at  some  selected  temperatures. 

11. 3  RELAXATION  AND  CREEP  TECHNIQUES 

The  relaxation  and  creep  techniques  are  used  to  determine  the  response  f  the 
materials  under  load  as  a  function  of  time.  With  the  relaxation  technique,  a 
fixed  displacement  is  applied  to  the  sample  and  the  resultant  force  is  measured 
as  a  function  of  time.  From  such  a  measurement  the  relaxation  modulus  as  a 
function  of  time  can  be  computed.  On  the  other  hand,  the  creep  technique  is 
based  upon  applying  a  fixed  force  to  the  sample  and  measuring  the  resultant 
displacement  as  a  function  of  time,  which  will  yield  the  creep  compliance  as  a 
function  of  time.  The  relaxation  technique  is  usually  used  for  soft  materials 
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while  the  creep  technique  is  used  for  stiff  materials.  Tens ion/cerepress ion  or 
shear  specimens  could  be  used  with  either  technique. 

Not  only  the  behavior  of  the  material  under  load  as  a  function  of  time  can  be 
determined  from  such  measurements,  but  the  results  can  also  be  used  to  compute 
the  dynamic  properties  of  the  material  at  extremely  low  frequency.  by- 
transforming  the  measured  data  from  the  time  domain  into  the  frequency  domain. 

Figure  3  represents  typical  results  for  the  relaxation  modulus  measured  a 
different  temperatures  with  time. 

II.  A  CORRECTION  OF  THE  PROPERTIES 

Figure  4  combines  the  results  of  Figure  1  and  2  together.  it  can  be  seen  here 
that  good  correlation  has  beep,  achieved  between  the  two  techniques  even  though 
those  measured  bv  'he  i  mpc-Jance  technique  are;  for  low  trequen-u.es,  while  those 
tor  the  beam  technique  are  tor  high  frequency.  Tins  kind  of  correlation  gives 
confidence  in  the  shift  factor  used  to  ccl lapse  all  the  data.  Figure  4  is  curve 
fitted  with  «-.,„!  yt  i  cal  expressions  which  are  then  stored  on  the  computer  for 
let e r  use 

The  correlation  of  'he  measured  results  by  the  impedance,  beam,  and  relaxation 
techniques  is  shows-!  in  Figure  4  for  several  samples.  The  agreement  between  the 
various  techniques  illustrates  that  each  technique  is  being  well  used  within  its 
limitation  and  no  erroneous  data  is  generated. 

III.  DESCRIPTION  OF  THE  DATA  BASE 
1 1 1  . 1  MEASUREMENT  CONDITIONS 

All  materials  in  the  data  base  are  measured  either  in  tension/compression  to 
generate  the  properties  in  extension  (Young's  moduli  s  and  loss  factor)  and/or  ir 
shear  to  generate  the  properties  in  shear  (shear  modulus  and  loss  factor),  [f 
the  properties  are  measured  in  both  states  of  stress,  then  Poisson’s  ratio  cai 
be  computed.  If  the  properti“«  are  measured  in  one  state  of  stress  onlv.  and  the 
material  has  a  rubber-like  behavior,  then  Poisson’s  ratio  can  be  assumed  to  be 
almost  0.3  and  the  properties  in  the  other  state  of  stress  can  be  computed. 
Figure  6  represents  the  properties  for  the  material  of  Figure  4  but  for  both 
states  of  stress. 

All  materials  in  the  database  are  measured  over  wide  tempera"  re  and  frequency 
ranges  to  enable  curve  fitting  of  the  data  with  analytical  expressions  as  shown 
in  Figure  4.  Such  analytical  expressions  are  then  stored  on  'he  computer  for 
later  analysis  or  literature  search  as  necessary.  In  the  foil?  wing  Figures,  tin 
analytical  expressions  are  used  to  describe  the  material  j.-roperrl »*s  in  terms  ot 
temperature  for  some  di set  cfe  frequencies.  Other  frequencies  could  be  gene rater 
from  the  stored  curve-  titled  data  as  necessary. 

in  add  i  t  ion  to  t  he  ab--ve  condi  r  j  oris ,  ramv  of  the  materials  in  the  data  *>asc  are¬ 
al  so  measured  in  terms  ot  static  non- 1  inear i tv .  dynamic  non- 1 t  near i tv.  aging 
exposure  t-'  hi  gh  temp-  ratvt  ec  ,  and  exposure  to  fuel  and  nil  ,  and.  others  .  Figure;. 
'  through  ID  r  -pretu.  *  •  t  he  effect s  of  such  eovlrontr.  nr  s  n  the  me.--,u'ec 
propel"  !  r-S 


I I I. 2  TYPES  OK  MATERIALS 


Although  it  is  difficult  to  classify  all  the  materials  in  the  data  base,  some 
classifications  could  be  used  as  follows. 

ELASTOMERS 

This  heading  includes  all  materials  with  rubber- 1  ike  behavior  ar  room 
temperature.  Specif  ieaiiv.  such  materi' al  s  include  the  silicones,  natural 
rubbers,  vitons,  butyls,  nitriles,  ABS,  and  so  on.  Figure  11  through  14 
illustrate  the  properties  of  some  of  the  materials  in  this  category.  Such 
materials  are  used  in  various  isolation  systems,  tuned  dampers,  and  some 
constrained  and  unconstrained  layer  damping  treatments. 

PRESSURE  SENSITIVE  ADHESIVES 

Pressure  sensitive  adhesives  are  widely  used  as  the  damping  materials  in 
constrained  layer  damping  treatments.  Such  materials  could  be  of  the  acrylic, 
silicone  or  rubber  base  type.  Figure  15  and  16  give  the  properties  of  some  of 
these  materials. 

PLASIiQS 

Many  plastics  are  used  as  structural  materials  and  as  damping  materials  at  high 
temperatures.  Those  materials  could  include  the  various  vinyls,  styrenes,  PMMA, 
PEEK,  PVC ,  polypropylenes,  pclysul phones ,  nylons,  and  so  on.  Figure  17  and  18 
contain  the  properties  of  some  of  the  plastics  from  the  data  base. 

PQAftS 

Foams  can  be  made  from  several  materials  such  as  acrylics,  polyurethanes, 
silicones,  etc.  and  therefore,  can  have  varying  properties,  as  shown  in  Figures 
19  and  20. 

SPRAXAfiLfc  MATERIALS 

Materials  in  this  category  include  those  that  coutd  be  sprayed  on  the  structure, 
for  ease  of  application.  The  use  of  such  materials  is  to  provide  extensional 
damping  over  wide  frequency  ranges.  Figures  21  and  22  illustrate  the  dynamic 
properties  of  only  two  of  the  materials. 

AUTOMOTIVE  BODY  PANEL  MATERIALS 

The  materials  under  this  heading,  which  are  called  "Mastics",  are  usually  applied 
to  automotive  body  panels  to  provide  damping.  The  materials  can  be  either  of  the 
heat  bondable  tvpe  or  the  type  that  requires  a  pressure  sensitive  adhesive  for 
application.  These  materials  have  good  damping  properties  around  room 
temperature  as  shown  in  Figures  23  and  24. 

EAMPE& .  LAMIMIE  S 

Laminates  are  now  being  used  in  various  sheet  metal  applications  in  the 
automotive,  aircraft,  and  appliance  industries  to  provide  high  damping.  Because 
such  materials  are  sold  in  the  laminate  form  (two  layers  of  metal  sandwiching  a 


DBB-5 


verv  thin  Laver  of  damping  material)  .  the  properties  ur<  gi  ve-r:  i  n  i-'i  gur* 
terms  of  the  comp.::  ite  properties  for  the  Indicated  conf  igurat  >t. 


Pressure  sens  it  i  vc-  L  o  am  topes  have  been  used  as  damping  materia 
layer  surface  damping  treatments  and  in  damping  link  com  <  p 
materials  are  gene  raid  v  acr  lie.  rubber,  or  urethane  d 

available  in  thicknesses  on  the  order  of  Imm  thick.  Fj>yn • 

sample  properties  of  several  of  these  materials. 

COMMERCIAL  .FOIL  BACK  TAPES 


These  products  an  often  utilized  as  off -the -she If  const: oi 
systems.  The  v  c-.-mbi  ne  arrvf  i  ■  cu  rubber  based  pressure  a.  m.  m 
an  aluminum  cor, ■■■*  rai  ni  :yu  later  The  se  products  arc  w  >r»! ' 
aircraft  indu.sr.rv  ■  n  fuselage  skin  damping  lnpl  teat  ions  .  m.a 
damping  pf  r  formance  ■,{  r.t  vt-ra  •  foil  back  tape  systems. 
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Thev  generally  run.-, is’  of  a  thermosetting,  resin  imp:  g.r 
reinforced  sheet  stock,  which  is  cured  after  appl  icat i on  fig 
sampl e  propert its. 
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These  material ::  gum  rally  consist  of  two  parts .  room  tei:  pt  ran.;  re  cur  int 
pol  vsulphide ,  and  t  last  om<.  : .  Thev  are  resistant  to  it  t  v.  i  at  1  on  fuels, 

hydraulic  oils,  sal  t  vat »  r  .  and  to  some  diluf<  a.  ids.  fu,:'  mo:,. si  rater 

properties  for  cm  •!  t  host  materials. 


ENAMELS 


Enamels  are  u.oti  not  t)nL  as  protective  and  decorative  coat  mgs .  but  rise  at 
damping  material::,  at  high  *.  einperat  ures .  This  is  because  such  material-  <  xhibi  t 
good  damping  oapabi  '  i  •  ii  s  within  t  heir  softening,  region  bef  '-re  '  h"  :nei  ;  f'-wn 
Enamel  s  are  typically  used  in  a  free-laver  damping  treat. met*  and  'hervb  re  :  in 
dvnamic  propert  ie--  art  usual  lv  measured  in  f  ens  i.on/c  empress :  n  and  ovt  i  *idr 
temperat  u  res  and  i  rtygn  no  i  t  s  .  Di  fi  e-rent  materials  have  oe.  :  '  1  nr  •  f  j .  a  r  >  , 

ranges  up  t  o  2()0u  F.  and  Figures  'j?.  and  33  represent  t  h-  pr.  p.  :  i  •  s  1  t  wo  s:u  1 
m  a  t  e  r  i  a  1  s  . 

STRUCTURAL  ADHESIVES  ■.  T:m^U,Sl 
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I I I. 6  COMPOSITES 


The  data  base  includes  both  metal  matrix  composites  and  resin  reinforced 
composites.  Those  composites  are  usually  measured  assumi^  they  are  homogeneous 
materials,  and  such  properties  are  shown  in  Figures  33  a. d  37. 

IV  ACCESS  OF  THE  DATA  BASE 

The  data  base  at  Anatrol  can  be  accessed  in  two  ways.  The  first  is  for  Anatrol 
to  perform  a  literature  search  for  the  customer  on  a  job-by-job  basis.  This 
search  will  be  based  on  the  customer  specifying  to  Anatrol ,  the  material 
properties  of  interest,  and  the  environmental  factors  to  be  considered  in  the 
search.  The  second  is  for  Anatrol  to  install  parts,  or  all  of  the  data  base  on 
the  customer's  computer.  For  either  case.  Anatrol  will  discuss  the  specific 
requirements  and  scope  of  this  service  with  the  customer  and  quote  it 
aecordingl y . 
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Figure  6: 


Material  Properties  for  Shear  and  Extension  Using 
the  Vibrating  Bean  and  Impedance  Techniques 
[Library  #580  -  Vinyl  Rubber] 
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Figure  7 : 
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Figure  11:  Variation  of  Material  Properties  with  Temperature 

for  Various  Constant  Frequencies 
[Library  #743  -  Silicone  Elastomer] 
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Figure  12:  Variation  of  Material  Properties  with  Temperature 

for  Various  Constant  Frequencies 
[Library  #351  -  EPDM  Elastomer] 
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Figure  17: 


Temperature  L  CJ 

Variation  of  the  Dynamic  Material  Properties  vith 
Temperature  for  the  Indicated  Constant  Frequencies 
[Library  #380  -  Polyetherimide  Plastic] 
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Figure  18: 


Temperature  L  C ] 

Variation  of  the  Dynamic  Material  Properties  with 
Temperature  for  the  Indicated  Constant  Frequencies 
[Library  #181  -  Plexiglass  Plastic] 
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Figure  20: 


Temperature  L  CJ 

Variation  of  the  Dynamic  Material  Properties  with 
Temperature  for  the  Indicated  Constant  Frequencies 
[Library  #674  -  Foam] 
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Figure  23:  Variation  of  the  Dynamic  Material  Properties  with 

Temperature  for  the  Indicated  Constant  Frequencies 
[Library  #279  -  Commercial  Add-On  Surface  Treatment] 


Temperature  [°C] 

Figure  24:  Variation  of  the  Dynamic  Material  Properties  with 

Temperature  for  the  Indicated  Constant  Frequencies 
[Library  #278  -  Commercial  Add-On  Surface  Treatment] 
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Figure  25:  Loss  Factor  Properties  of  Various  Laainates 

at  1000  Hz 

[Library  #480,  #481,  #482] 


Temperature  [°  C] 

Figure  26:  Variation  of  the  Dynamic  Material  Properties  with 

Temperature  fo-  the  Indicated  Constant  Frequencies 
[Library  #57  -  Pressure  Sensitive  Foam  Tape] 
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Figure  30:  Variation  of  the  Dynamic  Material  Properties  with 

Tearperature  for  the  Indicated  Constant  Frequencies 
[Library  #616  -  Polymeric  Reinforcement  System) 
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Figure  31: 


Temperature  EC] 

Variation  of  the  Dynamic  Material  Properties  with 
Temperature  for  the  Indicated  Constant  Frequencies 
[Library  #513  -  Polysulfide  Sealant] 
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Figure  32 : 


Temperature  E°C] 

Variation  of  the  Dynamic  Material  Properties  with 
Temperature  for  the  Indicated  Constant  Frequencies 
[Library  #2  -  Glass  Enamel] 
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Figure  37:  Variation  of  the  Dynaaic  Material  Properties  with 

Temperature  for  the  Indicated  Constant  Frequencies 
[Library  #488  -  PPS  Plastic  Composite] 
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ABSTRACT 

The  applicability  of  the  master  curve  technique  for  the  reduction  of  temperature-  and 
frequency-dependent  complex  modulus  data  to  a  set  of  "master"  complex  modulus  curves, 
which  depend  on  only  one  variable,  is  validated  for  a  polyisoprene  rubber  of  shore 
hardness  55.  Using  the  direct  stiffness  method,  complex  Young's  modulus  data  was 
determined  for  a  sample  of  the  material  over  2  narrow  frequency  bands  of  2  octaves 
each  and  a  wide  temperature  range  of  -60C  to  100C.  Small  temperature  intervals  of  2C 
at  low  temperatures  rising  to  20C  at  high  temperatures  were  used  in  the  tests.  This 
resulted  in  two  sets  of  "temperature-dominated"  complex  modulus  data  from  which 
smooth,  continuous  master  curves  were  generated  by  the  application  of  the  master  curve 
technique.  The  procedure  was  repeated  for  a  wider  test  frequency  range  of  2  decades, 
the  same  temperature  range  but  larger  temperature  increments  of  1 0C  at  low 
temperatures  rising  to  80C  at  high  temperature.  This  resulted  in  a 
"frequency-dominated"  complex  modulus  data  set  from  which  master  curves  were  again 
obtained.  It  is  shown  that  the  master  curves  obtained  from  the  three  data  sets  correlate 
quite  well. 
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1.  INTRODUCTION 


The  master  curve  technique  is  a  well  known  tool  for  the  reduction  of  temperature-  and 
frequency-dependent  complex  modulus  data  to  a  set  of  master  curves  of  modulus  and 
loss  factor  which  depend  on  a  single  variable  called  the  reduced  frequency  or  reduced 
temperature  [1-3].  The  technique,  which  is  also  called  the  method  of  reduced  variables 
or  the  temperature-frequency  superposition  principle,  exploits  the  inverse  relationship  of 
the  dependence  of  complex  modulus  properties  on  temperature  and  frequency  to  produce 
a  dependence  of  these  properties  on  a  single  parameter,  the  reduced  frequency  or  the 
reduced  temperature,  which  combines  the  separate  effects  of  frequency  and  temperature. 
Thus  complex  modulus  data  obtained  over  narrow  frequency  ranges  and  a  wide 

temperature  range,  using  a  single  test  method,  are  reduced  to  sets  of  single  curves  of 

modulus  and  loss  factor  which  cover  several  decades  of  frequency  at  a  specified  reference 
temperature.  Similarly,  using  an  appropriate  test  method  or  a  combination  of  test 

methods,  complex  modulus  data  can  be  obtained  over  a  wide  frequency  range  and  a 

small  temperature-range  or  even  at  constant  temperature.  From  this  data,  master  curves 
can  be  again  obtained.  If,  for  the  material  under  consideration,  the 
temperature-frequency  superposition  principle  is  applicable  then  the  two  sets  of  master 
curves  will  be  identical. 

The  use  of  the  master  curve  technique  started  on  an  empirical  basis.  Subsequently, 

theoretical  models  were  developed  to  correlate  some  of  the  experimental  observations  [1], 
However,  the  development  and  application  of  the  technique  has  tended  to  be  more 

empirically  orientated.  The  shift  function,  which  is  used  for  the  data  reduction  process, 
was  for  a  long  time  based  on  the  William-Landel-Ferry  (WLF)  equation.  Other  forms 
of  shift  functions  based  on  the  Arrhenius  model,  statistical  method  and  iterative  approach 
are  now  in  use  [3,  4].  It  is  generally  agreed  that  satisfactory  data  reduction  depends  on 
the  use  of  an  appropriate  shift  function. 

Whenever  the  method  of  reduced  variables  is  applied,  one  is  confronted  by  the  question 
of  the  uniqueness  and  validity  of  the  generated  master  curves.  Thus,  it  is  often 

desirable  to  employ  other  means  to  validate  the  master  curves  produced.  The  most 
direct  method  of  validation  is  to  measure  the  complex  modulus  properties  at  a  single 
temperature,  e.g.  room  temperature,  and  over  a  very  wide  frequency  range  using  a 
variety  of  test  methods  such  as  stress  relaxation,  direct  stiffness,  resonance  and  ultrasonic 
methods.  However,  this  is  no  usually  possible  as  one  is  often  restricted  by  resources,  to 
the  use  of  one  test  method.  Hence,  a  different  approach  is  required. 

The  approach  used  in  the  present  work  for  validating  the  master  curve  technique  is 
based  on  an  experimental  application  of  a  result  of  the  temperature-frequency 
superposition  or  equivalence  principle.  If  the  principle  holds  for  a  given  viscoelastic 

material,  then  the  master  curves  produced  from  complex  modulus  data  obtained  at 
constant  frequency  and  varying  temperature  should  be  identical  to  the  master  curves 

generated  from  complex  modulus  data  obtained  at  constant  temperature  and  varying 
frequency.  The  constant  frequency  data  sets  are  said  to  be  "temperature-dominated" 
while  the  constant  temperature  data  sets  are  said  to  be  "frequency-dominated".  Relaxing 
these  two  extreme  test  conditions  to  become  (i)  narrow  frequency  band  and  many 

temperature  steps,  and  (ii)  wide  frequency  band  and  few  temperature  steps,  the  sets  of 

complex  modulus  that  will  be  obtained  will  still  be  relatively  "temperature-dominated" 
and  "frequency-dominated"  respectively.  It  is  shown  that  for  the  polyisoprene  rubber 
investigated,  the  master  curves  of  complex  Young’s  modulus  obtained  from  the 

temperature-dominated  and  frequency-dominated  data  sets  are  quite  similar.  The 
experimental  test  method  employed  is  the  direct  stiffness  technique. 
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2. 


EXPERIMENTAL  DETERMINATION  OF  COMPLEX  YOUNG'S  MODULUS 


2.1  Direct  Stiffness  Test  Method 

The  direct  stiffness  method,  which  is  a  forced  vibration,  non-resonance  technique  for  the 
determination  of  the  complex  Young's  or  shear  modulus  of  polymeric  materials  [5-7], 
was  used  to  determine  the  complex  Young's  modulus  of  the  polyisoprene  rubber 
investigated.  Two  samples  of  the  material  of  30  mm  diameter  by  5  mm  and  30  mm 
thick  were  prepared  and  bonded  to  metal  discs.  Each  sample  assembly  was  placed  in 
turn,  between  the  vibration  table  of  an  electrodynamic  exciter  and  a  rig’d  termination  of 
theoretically  infinite  impedance  as  shown  in  Figure  1  which  also  shows  the  associated 
measurement  and  control  instrumentation  for  the  experimental  tests.  The  end  of  the 
sample  connected  to  the  exciter  was  subjected  to  controlled  sinusoidal  displacement 

excitations  of  the  form  x(t)  =  XeJut.  The  ratio  of  the  output  force  f(t)  =  F*eJwt  to  the 

input  displacement  gave  the  complex  dynamic  axial  stiffness  k*  at  the  excitation 
frequency  u.  The  magnitude  k,  phase  (loss)  angle  6,  and  loss  factor  rj  are  related  to 
k*  by 

k  -  |k* |  -  | F*/X | 

6  -  k*  -  (F*/X)  (1) 

ij  -  tan  6 

Thus,  the  complex  dynamic  axial  stiffness  of  the  sample  can  be  represented  as 

k*  -  k*  +  jk"  -  k’(l  +  ji,)  (2) 

k  -  |k*|  -k'O  ♦„>)! 

2.2  Derivation  of  Complex  Young's  Modulus 

Due  to  the  restraints  imposed  on  the  bonded  ends  of  a  sample,  subjected  to 
tension-compression  deformation,  multiplying  the  complex  stiffness  k*  by  the  factor  L/A, 
where  L  is  length  and  A  is  cross-sectional  area  of  a  prismatic  sample  gives  an  apparent 
complex  Young's  modulus,  Ea.  The  true  and  apparent  magnitudes  E  and  Ea  of  the 
true  and  apparent  complex  Young's  moduli  are  related  by  [2,8] 


Ea  -  E( 1  +  0S*)  ;  Ea  -  kL/A  (3) 

where  0  is  a  numerical  constant  which  has  values  of  1.5  ^  (3  ^  2.0  that  depend  on  the 
filler  content  of  the  elastomer,  and  S  is  a  shape  factor  defined  as, 

S  -  D/4L  (4) 

for  a  solid  cylindrical  element  of  diameter  D  and  length  L. 

Thus,  the  true  complex  Young's  modulus  E*  is  related  to  the  measured  complex 
extensional  stiffness  k*  by 

E*  -  E*/(l  +  0S*)  -  k*L/H  +  0S  2) A  (5) 
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where 


E  =  |e*|  -  kL/( 1  +  BS 2)A  (6) 

T)c  -  T? 


3.  COMPLEX  YOUNG’S  MODULUS  DATA  AND  MASTER  CURVES. 

Using  the  procedures  described  above,  the  complex  Young's  modulus  of  the  polyisoprene 
rubber  was  determined  under  three  test  frequency  conditions,  namely; 

(1)  Narrow  band,  low  frequency  tests  (10  to  40  Hz) 

(2)  Narrow  band,  intermediate  frequency  tests  (100  to  400  Hz) 

(3)  Wide  frequency  band  tests  (10  to  1000  Hz) 

The  complex  Young's  modulus  data  obtained  under  these  test  conditions  and  the  resultant 
master  curves  are  described  in  the  following.  In  reducing  the  data  to  master  curves,  the 
modulus  data  was  firstly  shifted  vertically  using  the  relation 

Er  -  (Tr/T)E  (7) 

where  E  is  the  Young's  modulus  at  experimental  temperature  T,  Er  is  the  reduced 
Young's  modulus  at  the  reference  temperature  Tr,  and  density  variations  are  assumed  to 
be  negligible.  The  shift  factors  used  were  of  the  general  form 

logaT  -  „(T  -  Tr)  (8) 

where  the  forms  of  the  function  were  determined  directly  from  the  measured  data. 


3.1  Narrow  Band,  Low  Frequency  Data 

For  the  narrow  band,  low  frequency  tests,  the  experimental  frequency  was  from  10  to 
40  Hz,  that  is  2  octaves,  while  the  temperature  range  was  from  -60C  to  100C.  The 
temperature  steps  were  2C  between  -60C  and  -30C,  about  3C  between  -30C  and  -10C, 
10C  between  -10C  and  20C,  and  20C  for  test  temperatures  between  20C  and  100C. 

This  resulted  in  30  test  temperatures.  The  number  of  frequency  points  was  6  per  data 
set.  Thus,  the  total  number  of  Young's  modulus  and  loss  factor  pairs  of  data  obtained 
was  180  as  shown  in  Table  1.  These  data  sets  are  certainly  ''temperature-dominated". 
Figure  2  shows  the  wicket  plot  of  log  (loss  factor)  versus  log  (modulus)  for  the  data. 
The  low  temperature  (below  -50C)  data  seems  to  be  subject  to  relatively  higher  random 
errors  whereas  the  high  temperature  data  (above  20C)  seems  to  be  affected  by  some 

systematic  effects.  Using  the  master  curve  technique,  in  its  general  empirical  form, 
master  curves  of  Young's  modulus  and  loss  factor  were  produced  from  this  data  at  a 
reference  temperature  of  -40C.  The  shift  function  used  for  the  data  reduction  process  is 
shown  in  Figure  3.  It  was  estimated  numerically  from  the  data  using  a  computerized 
data  shifting  process.  The  resultant  master  curves  are  shown  in  Figure  4.  It  can  be 

seen  that  the  data  scatter  is  low  but  it  is  significant  for  the  loss  factor  curve  at  low 

temperatures. 
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3.2  Narrow  Band,  Intermediate  Frequency  Data 

The  test  conditions  for  this  case  are  quite  similar  to  those  of  the  previous  case.  The 
only  difference  is  that  the  frequencies  are  ten  times  higher  than  those  of  the  narrow 
band,  low  frequency  data.  Thus,  the  frequency  range  for  the  narrow  band,  intermediate 
frequency  tests  is  luG  to  400  Hz  (2  octaves)  with  unequal  frequency  mciemcnts  icsUiUag 

in  a  total  of  6  frequency  points  per  data  set.  The  test  temperatures  and  temperature 

steps  are  excactly  identical  to  those  of  the  previous  case.  Thus,  180  pairs  of 
temperature-dominated  data  were  again  obtained  as  shown  in  Table  2.  The  wicket  plot 
of  the  data  is  shown  in  Figure  S.  It  can  be  seen  that  the  data  scatter  is  generally 

small  being  higher  for  temperatures  greater  than  40C.  By  repeated  data  shifting  process 

a  "best"  estimate  of  the  shift  factor  curve  was  obtained  at  a  reference  temperature  of 
-40C  as  shown  in  Figure  6.  Using  this  curve  the  complex  Young's  modu'"s  data  was 
reduced  to  master  curves  as  shown  in  Figure  7.  It  can  be  seen  that  the  data  scatter  is 
quite  small  being  relatively  more  pronounced  for  the  loss  factor  data  at  higher 
temperatures. 


3.3  Wide  Frequency  Band  Data 

The  frequency  range  of  the  wide  frequency  band  tests  was  wider  than  the  previous  cases 
being  from  10  to  1000  Hz  (2  decades).  The  frequency  steps  were  about  12  per  decade 
giving  23  frequency  steps  in  total.  The  temperature  range  used  for  the  tests  was  again 
from  -60C  to  100C  but  the  temperature  steps  were  higher  being  -10C  at  very  low 
temperatures  and  rising  to  80C  at  high  temperature.  The  number  of  test  temperatures 
used  was  6.  Thus,  the  total  number  of  pairs  of  data  was  138  as  shown  in  Table  3. 
These  data  sets  are  relatively  more  "frequency-dominated"  than  in  the  previous  cases. 
Figure  8  shows  the  wicket  plot  for  these  data  sets.  It  can  be  seen  that  the  data  scatter 
due  to  random  errors  is  small.  However  the  100C  data  set  seems  to  be  subjected  to 
some  systematic  errors  as  it  is  somewhat  removed  from  the  general  body  of  data.  By 
means  of  the  master  curve  technique,  the  data  was  reduced  to  master  curves  of  Young's 
modulus  and  loss  factor  at  a  reference  temperature  of  -40C.  The  shift  factor  curve 
used  for  the  data  reduction  is  shown  in  Figure  9.  The  master  curves  obtained  are 
shown  in  Figure  10.  It  can  be  seen  that  random  data  scatter  is  small  but  there  may  be 
some  systematic  errors  with  the  high  temperature  (low  reduced  frequency)  data. 


3.4  Comparison  of  Master  Curves 

The  three  sets  of  master  curves  of  complex  Young's  modulus  obtained  are  compared  with 
one  another  as  shown  in  Figure  11.  Except  for  some  slight  discrepancies  which  occur  in 
the  loss  factor  master  curves  as  high  reduced  frequencies,  it  can  be  seen  that  the  master 
curves  correlate  reasonably  weU  within  the  limits  of  data  measurement  and  processing 
errors.  This  implies  that  whether  temperature-dominated  or  frequency-dominated  data  is 
used,  the  master  curves  generated  will  be  very  similar  and  unique.  Thus,  it  can  be 
concluded  that  the  temperature-frequency  superposition  is  valid  for  the  reduction  of 
temperature-and  frequency-dependent  complex  modulus  data  of  polyisoprene  rubber  to 
master  curves. 
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4.  CONCLUSIONS 


The  master  curve  methodology  is  valid  for  the  reduction  of  complex  modulus  data  to 
master  curves  provided  the  material  under  consideration  is  thermorheologically  simple.  It 
has  been  demonstrated  that  the  application  of  the  master  curve  technique  for  the 
reduction  of  complex  Young’s  modulus  data  of  the  polyisoprene  rubber  investigated  is 
valid.  Thus,  it  can  be  inferred  that  this  material  is  thermorheologically  simple.  When 
it  is  uncertain  whether  a  material  is  thermorheologically  simple,  such  a  validity  test,  as 
demonstrated  in  this  paper,  might  prove  useful. 
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TABLE  1  :  COMPLEX  YOUNG'S  MODULUS  DAT h  FOR  POLYISOPRENE  RUBBER 

(NARROW  BAND,  LOW  FREQUENCY  DATA) 
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TABLE  2  :  COMPLEX  YOUNG'S  MODULUS  DATA  FOR  POLYISOPRENE  RUBBER 
(NARROW  BAND,  INTERMEDIATE  FREQUENCY  DATA) 
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FIGURE  2  :  LOSS  FRCTOR  VS.  MODULUS  (WICKET  PLOT)  FOR  POLYISOPRENE  RUBBER 

(NARROW  BAND,  LOW  FREQUENCY  DATA) 
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FIGURE  3  :  SHIFT  FRCTOR  CURVE  FOR  NRRROW  BRND,  LOW  FREQUENCY  DRTR 
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FIGURE  5  :  LOSS  FRCTOR  VS.  MODULUS  (WICKET  PLOT)  FOR  POLYISOPRENE  RUBBER 

(NARROW  BAND,  INTERMEDIATE  FREQUENCY  DRTR) 
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FIGURE  8  :  SHIFT  FACTOR  CURVE  FOR  NARROW  BAND,  INTERMEDIATE  FREQUENCY  DATA 
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ABSTRACT 

Polymer  matrix  composites  exhibit  significantly  higher  material  damping  compared  to 
most  common  metals.  The  current  paper  summarizes  recent  research  on  the  develop¬ 
ment  of  design  methodologies  for  optimizing  the  damping  and  the  damped  dynamic 
performance  of  composite  structures.  The  optimal  tailoring  involves  multiple  materi¬ 
al/structural  levels,  that  is,  the  micromechanics  level  (fiber/matrix  properties,  fiber  volume 
ratio),  laminate  level  (ply  angles/thicknesses,  stacking  sequence),  and  structural  level 
(structural  geometry  and  shape).  The  dynamic  response  and  the  modal  damping  of  the 
composite  structure  are  simulated  with  finite  element  analysis  based  on  a  special 
composite  element.  A  multi-objective  constrained  optimization  scheme  is  proposed  for 
the  best  handling  of  the  many  competing  design  criteria  involved.  Applications  on  basic 
structural  components  (beams  and  plates)  demonstrate  that  properly  tailored  composite 
structures  can  exhibit  significantly  improved  damped  dynamic  performance. 

Keywords:  damping;  composite  materials;  composite  structures;  optimization;  design; 
dynamic  performance. 


1  Structures  Division,  Lewis  Research  Center,  MS  49-8, 

21000  Brookpark  Rd.,  Cleveland,  OH  44135;  (216)  433-8466. 
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INTRODUCTION 


Fiber  composite  materials  are  widely  used  in  structural  applications  requiring  high 
stiffness-to-weight  and  strength-to-weight  ratios,  as  they  readily  provide  high  specific 
moduli,  high  specific  strengths,  and  tailorable  anisotropic  elastic  properties.  Polymer 
matrix  composites  may  also  exhibit  significantly  higher  damping  compared  to  most 
common  metals.  The  previously  stated  requirements  for  advanced  light-weight  structures 
virtually  restrict  the  use  of  many  traditional  sources  of  passive  damping,  therefore,  the 
option  to  utilize  the  damping  capacity  of  polymer-matrix  composites  appears  very 
attractive.  Reported  research  on  the  damping  of  unidirectional  composites  and  laminates 
[1-6]  has  shown  that  the  damping  of  composites  is  highly-tailorable  and  is  primarily 
controlled  by  constituent  parameters  (fiber/matrix  properties,  fiber  volume  ratio),  and 
laminate  parameters  (ply  angles/thicknesses,  stacking  sequence).  Additional  research 
work  [7]  demonstrated  that  the  modal  damping  of  composite  structures  depends  also  on 
the  structural  geometry  and  deformation  (mode  shapes).  This  work  also  suggested  that 
properly  designed  composite  structures  can  provide  significant  passive  damping,  and  they 
may  further  improve  the  dynamic  performance  and  fatigue  endurance  by  attenuating 
undesirable  elasto-dynamic  phenomena  such  as  structural  resonances,  overshooting,  and 
long  settling  times.  The  previous  studies  have  also  demonstrated  that  any  increase  in 
damping  typically  results  in  decreased  stiffness  and  strength,  therefore,  any  tailoring  of 
the  composite  material  for  optimal  damped  response  will  be  based  on  trade-offs 
between  damping,  stiffness,  and  strength. 

Although  the  optimization  of  composite  structures  for  multiple  design  criteria  including 
damping  appears  to  be  worthwhile  and  its  significance  has  been  acknowledged  [8], 
reported  research  on  the  subject  has  been  mostly  limited  to  the  laminate  level  [9,10]. 
Resent  research  performed  by  the  authors  has  been  focused  on  the  optimal  tailoring  of 
composite  structures  for  optimal  transient  or  forced  dynamic  response  [11-13].  This  work 
is  summarized  herein  and  involves  methodologies  for  the  optimal  design  of  polymer 
matrix  composite  structures.  The  methods  are  equally  applicable  to  structures  subject  in 
steady  or  transient  response,  and  they  further  entail:  (1)  multiple  objectives  to  effectively 
represent  the  array  of  competing  design  requirements;  (2)  capability  for  tailoring  of  the 
basic  composite  materials  and/or  laminate;  (3)  capability  for  concurrent  shape  optimiza¬ 
tion;  and  (4)  design  criteria  based  on  the  global  static  and  dynamic  response  of  the 
composite  structure. 

The  proposed  design  objectives  are  minimization  of  resonance  amplitudes  (or  maximiza¬ 
tion  of  structural  damping),  minimization  of  structural  weight,  and  minimization  of 
material  cost.  Additional  performance  constraints  are  imposed  on  static  deflections, 
dynamic  resonance  amplitudes,  natural  frequencies,  static  ply  stresses,  and  dynamic  ply 
stresses.  The  analysis  involves  unified  composite  mechanics,  which  entail  micromechanics, 
laminate  and  structural  mechanics  theories  for  the  passive  damping  and  other  mechanical 
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properties  of  the  composite.  The  structural  damping  and  the  damped  dynamic  response 
are  simulated  with  finite  element  analysis.  Applications  of  the  methodology  on  the 
optimization  of  a  cantilever  composite  beams  and  a  cantilever  composite  plate  are 
presented.  The  results  quantify  the  importance  of  structural  damping  in  improving  the 
dynamic  performance  of  composite  structures,  and  illustrate  the  effectiveness  of  the 
proposed  design  methodology. 


DAMPED  STRUCTURAL  DYNAMIC  RESPONSE 

To  enable  the  design  of  general  composite  structures,  a  finite  element  discretization  is 
utilized.  In  such  case,  the  dynamic  response  of  a  structure  which  is  excited  by  a  force 
P(t)  is  expressed  by  the  following  system  of  dynamic  equations: 


where  {u}  is  the  discretized  displacement  vector.  In  the  case  of  laminated  composite 
structures,  the  stiffness,  damping,  and  mass  matrices,  [K],  [C],  and  [ AT ]  respectively,  are 
synthesized  utilizing  micromechanics,  laminate,  and  structural  mechanics  theories 
representing  the  various  material  and  structural  scales  in  the  composite  structure. 

The  related  theories  for  this  multi-level  simulation  of  structural  composite  damping  are 
described  in  refs.  1,2,  and  7.  Analogous  theories  are  utilized  for  the  synthesis  of  other 
mechanical  properties  [14].  At  the  micromechanics  level,  the  on-axis  damping  capacities 
of  the  basic  composite  material  systems  are  calculated  based  on  constituent  properties, 
material  microstructure,  fiber  volume  ratio  (FVR),  temperature,  and  moisture.  The 
off-axis  damping  capacities  of  the  composite  plies  are  calculated  at  the  laminate  level, 
and  the  local  laminate  damping  matrices  are  predicted  based  on  on-axis  damping  values, 
ply  thicknesses,  and  iaminate  configuration.  The  damping  contributions  of  the  interlam¬ 
inar  matrix  layers  due  to  in-plane  interlaminar  shear  are  also  incorporated  [2]. 

The  structural  modal  damping  is  synthesized  by  integrating  the  local  laminate  damping 
contributions  over  the  structural  volume.  The  modal  specific  damping  capacity  (SDC)  of 
the  n-th  vibration  mode  is: 


where:  A  is  the  structural  area;  A and  are  the  dissipated  and  maximum  stored 
laminate  strain  energy  distributions,  respectively,  of  the  n-th  mode  per  unit  area  per 
cycle.  Utilizing  the  finite  element  discretization  scheme  proposed  in  ref.  7,  the  modal 
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SDC  is  related  to  the  element  damping  and  stiffness  matrices,  [CJ  and  [KJ  respective¬ 
ly: 


1 

^E  I'U’tCJKa.l 

z  I- 1 


(3) 


where,  nel  is  the  total  number  of  elements  and  { uein }  the  nodal  displacements  of  the  i-th 
element  corresponding  to  the  n-th  vibration  mode. 

The  dynamic  response  of  the  structure  is  simulated  based  on  modal  superposition.  The 
dynamic  system  in  eq.  (1)  is  transferred  to  the  p  x  p  modal  space  via  the  linear  modal 
transformation  {u}  =  [<P]{q).  Assuming  proportional  damping,  then  the  damping  matrix 
is  synthesized  from  the  modal  damping  values.  The  frequency  response  (FRF)  of  the 
structure,  or  the  transient  dynamic  response  is  subsequently  calculated.  Typically  the 
resonance  amplitudes,  or  the  undamped  amplitudes  in  transient  response  of  most  critical 
vibration  modes  are  used  as  performance  measures. 

OPTIMAL  DESIGN 

Originally,  the  optimal  design  of  composite  structures  was  conceived  as  a  single-objective 
constrained  optimization  problem  [11,12].  Although  this  research  demonstrated  the 
advantages  of  damping  tailoring,  it  indicated  that  the  design  of  composite  structures  for 
optimal  dynamic  performance  is  a  multi-objective  task,  and  may  be  best  accomplished  as 
the  constrained  minimization  of  multiple  objective  functions.  Increases  in  composite 
damping  may  typically  result  in  stiffness/strength  reductions  and/or  mass  addition,  for  this 
reason,  the  minimization  of  weight  and  material  cost  was  also  included  in  the  objectives. 
The  material  cost  is  a  crucial  factor,  restricting  in  many  cases  the  use  of  composite 
materials.  Moreover,  the  distinction  between  weight  minimization  and  material  cost 
minimization  is  also  stressed,  because  fiber  reinforced  composites  are  nonhomogeneous 
materials  and  the  minimization  of  the  weight  does  not  also  imply  the  minimization  of  the 
material  cost.  Therefore,  the  multi-objective  formulation  is  summarized  herein,  as  the 
more  general  case. 

A  constrained  multi-objective  problem  involving  minimization  of  /  objective  functions  is 
described  in  the  following  mathematical  form: 

min  (4) 


subject  to  lower  and  upper  bounds  on  the  design  vector  z  and  inequality  constraints 
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G(z): 


zL  z  z  z  zu  (5) 

G(z)  s  0  (6) 


In  the  rest  of  the  paper,  upper  and  lower  values  are  represented  by  superscripts  L  and  U 
respectively.  Individual  minimizations  of  each  objective  function  subject  to  constraint  set 
(5,6)  will  result  in  a  set  of  ideal  solutions  which  define  a  target  point  F*  =  (F;*  F2*,..., 

F*).  A  solution  of  the  multi-objective  problem  is  then  obtained  by  finding  a  feasible 
point  {F}  =  (Fj,  Fj)  as  closely  as  possible  to  the  target  point  { F *}.  This  is  achieved 
by  minimizing  the  following  scaled  objective  function: 


i 

min  Y, 

i-1 


(FrFV 


(7) 


subject  to  constraints  (5,6).  The  weighting  coefficients  are  represented  with  v(.  Other 
metrics  or  scaling  procedures  may  be  utilized  in  eq.  (7),  but  in  general,  they  are  expected 
to  result  in  different  solutions. 

The  design  objectives  typically  include  minimization  of:  (1)  the  maximum  resonance 
amplitude  (min  Ft);  (2)  the  total  structural  weight  (min  F2);  and  (3)  the  material  cost 
represented  by  the  average  cost  of  fibers  (min  F3).  Alternatively,  Fj  may  represent  the 
maximization  of  select  modal  damping  values.  The  explicit  maximization  of  modal 
damping  may  be  preferred  in  the  case  of  transient  or  a-priori  unknown  dynamic  excita¬ 
tions.  The  fiber  cost  is  used  as  a  measure  of  the  total  material  cost  due  to  the  high  cost 
of  fibers  compared  to  the  cost  of  matrix.  The  design  vector  includes  fiber  volume  ratios 
(FVRs),  ply  angles,  and  shape  parameters. 

Performance  constraints  are  imposed  on  static  deflections  us, 

{a1}  s  {uJ{/}  (8) 

dynamic  amplitudes, 

[Ud\  <;  1  Udu]  (9) 

natural  frequencies  {/„}, 

\fL\  ±  nj  *  in  do) 


and  the  static  and  dynamic  stresses  of  each  ply  a,  in  the  form  of  the  modified 
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distortion  energy  criterion  [14], 

/(Opty-lsO  (11) 

The  constrained  optimizations  mentioned  above  are  solved  with  the  modified  feasible 
directions  non-linear  programming  method  [15,16].  The  feasible  directions  algorithm 
performs  a  direct  search  in  the  design  space  involving  a  series  of  iterations.  In  each 
iteration,  a  search  direction  is  calculated  based  on  first  order  derivatives  of  the  objective 
function  and  active  constraints.  A  line  search  is  subsequently  performed  along  the  search 
direction  and  a  suboptimum  along  the  search  direction  is  calculated.  The  iterations  are 
repeated  until  convergence  to  a  local  optimum  is  achieved. 


b 


Fig.  1 


Candidate  composite  structures,  (a)  Initial  beam  geometry;  (b)  Initial 
plate  geometry;  (c)  Diminate  configuration.  Dimensions  are  in  inches. 


APPLICATIONS 


Selected  evaluations  on  the  method  on  the  optimal  tailoring  of  a  cantilever  graph¬ 
ite/epoxy  composite  beam  and  a  cantilever  graphite/epoxy  composite  plate  are  presented 
(Fig.  1).  The  assumed  laminate  configuration  in  both  structures  is  symmetric  consisting  of 
angle-ply  sublaminates  1,  2,  and  3  in  each  side.  All  sublaminates  had  plies  of  equal 
thickness  (0.01  in).  The  ply  angles  8,  and  FVRs  k ^  of  each  sublaminate,  and  the  thick¬ 
nesses  hj  at  0%,  30%,  60%,  and  100%  (tip)  of  the  span  were  optimized.  The  thickness  at 
other  sections  was  interpolated  using  a  cubic  spline  fit.  A  unidirectional  ply  configuration 
was  selected  as  the  initial  baseline  composite  design  for  both  cases,  because  it  provides 
high  axial  bending  rigidity. 

Composite  Beam  in  Impulsive  Excitation:  Typical  improvements  in  the  predicted  impulse 
response  (y-axis)  of  an  optimized  composite  beam  design  are  shown  in  Fig.  2.  In  this 
particular  case,  a  single  objective  function  was  implemented,  such  that,  the  modal 
damping  corresponding  to  the  mode  with  the  higher  undamped  dynamic  amplitude  was 
maximized  [11].  The  optimization  variables  involved  only  composite  parameters,  that  is, 
FVRs  and  fiber  orientation  angles.  The  baseline  and  resultant  optimum  design  is  shown 
in  Table  1.  Clearly,  the  free  response  of  the  optimized  beam  has  been  drastically  im¬ 
proved,  although  the  undamped  dynamic  amplitude  was  increased. 

Table  1.  Optimum  design  for  Composite  Beam  in  Impulsive  Excitation 


Baseline  Design 

Optimum  Design 

Ply  Angles,  (degrees) 

9. 

0.0 

30.24 

e2 

0.0 

30.49 

0, 

0.0 

29.76 

Fiber  volume  ratios 

kfi 

0.50 

0.69 

kQ 

0.50 

0.53 

k0 

0.50 

0.50 

Multi-Objective  Design  of  the  Composite  Beam  in  Forced  Excitation:  As  a  next  applica¬ 
tion,  a  case  of  optimal  design  of  the  composite  beam,  involving  the  three  objective 
functions  mentioned  above,  is  presented  [13],  The  assumed  loading  conditions  involved  a 
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Fig.  2 


TIME,  sec 
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Impulse  response  of  the  optimum  anc. 
beams. 


combination  of  uniform  static  transverse  out-of  plane  (y-axis)  forces  (50  lbs/in)  and 
transverse  out-of-plane  harmonic  forces  (0.1  lbs/in  amplitude)  applied  at  the  tip  of  the 
beam.  The  design  variables  included  both  composite  parameters  (FVRs  and  ply  angles) 
and  shape  parameters  ^cross-sectionai  thicknesses).  In  addition  to  constraints  (8)  and 
(11),  constraints  included  upper  bounds  on  the  transverse  static  deflections  at  the  free 
end  lower  bounds  on  the  first  two  natural  frequencies,  and  upper  bounds  on  the 
transverse  resonance  amplitudes  at  the  tip,  for  each  of  the  first  four  modes. 

Table  2.  Multi-objective  optimum  designs:  Composite  beam 


Baseline 

Single-Objective  Designs  Multi-Objective 

min  FI  min  F2  min  F3 

Ply  Angles,  (degrees) 

0i 

0.0 

24.68 

13.55 

4.306 

24.46 

02 

0.0 

24.05 

-41.19 

41.150 

53.53 

03 

0.0 

-50.33 

-65.56 

44.863 

90.00 

Fiber  volume  ratios 

kfi 

0.50 

0.637 

0.630 

0.294 

0.512 

k^ 

0.50 

0.700 

0.021 

0.010 

0.010 

kf3 

0.50 

0.010 

0.010 

0.010 

0.010 

Table  2  also  shows  the  baseline  design,  the  three  single-objective  optimal  designs  (each 
objective  function  individually  optimized),  and  the  resultant  multi-objective  optimal 
design.  All  optimized  designs  have  non-uniform  thickness,  being  thicker  at  the  proximal 
end  and  thinner  at  the  distal  end.  The  apparent  differences  among  the  optimal  shapes 
demonstrate  the  significance  of  shape  optimization.  The  relative  improvements  of  each 
objective  function  with  respect  to  the  baseline  design  are  plotted  in  Fig.  3.  As  seen  in 
Fig.  3,  the  single-objective  optimizations  have  failed  to  reduce  all  objective  functions. 

Only  the  multi-objective  optimal  design  produced  simultaneous  improvements  in  all 
design  objectives. 

The  frequency  response  functions  at  the  mid-point  of  the  free-edge  of  the  initial  :  nd 
optimized  beams  are  shown  in  Fig.  4.  The  multi-objective  optimum  design  has  a  better 
FRF  than  the  minimum  cost  and  minimum  weight  designs.  This  suggests  that  the 
incorporation  of  composite  damping  was  crucial  in  obtaining  these  significant  improve¬ 
ments  in  all  objective  functions  illustrating,  in  this  manner,  the  significance  of  composite 
damping  in  the  design  of  high  dynamic  performance,  light-weight,  and  low-cost  composite 
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Fig.  3  Relative  changes  in  the  objective  functions  (composite  beam). 


structures. 

Multi-Objective  Design  of  the  Composite  Plate  in  Forced  Excitation:  The  optimization  of 
the  composite  plate  involves  additional  structural  complexity,  therefore,  the  present 
application  provides  additional  insight  in  the  optimal  design  composite  structures  [13].  In 
this  case,  the  loading  conditions  included  combinations  of  a  uniform  static  transverse  out- 
of-plane  (y-axis)  force  (3.12  lbs/in)  at  the  free  end,  a  uniform  transverse  out-of-plane 
harmonic  force  (0.0063  lbs/in  amplitude)  at  the  free  end,  and  a  harmonic  moment 
(0.0313  lb-in/in  amplitude)  also  applied  along  the  free-edge  of  the  plate.  Under  this  type 
of  dynamic  loading,  the  maximum  resonance  amplitude  at  the  tip  typically  occurs  either 
at  the  first  mode  (first  out-of-plane  bending  in  the  baseline  design)  or  at  the  second 
mode  (first  torsion  in  the  baseline  design).  Both  composite  parameters  and  shape 
variables  were  optimized.  In  addition  to  constraints  (8),  and  (11),  constrains  included 
upper  bounds  on  the  transverse  static  deflections  of  the  free-end,  lower  bounds  on  the 
first  four  natural  frequencies,  and  upper  bounds  on  the  transverse  resonance  amplitudes 
of  the  free-end  for  the  first  four  modes  (Table  3). 

Table  3  also  presents  the  initial  baseline  design,  the  three  single-objective  optimal 
designs,  and  the  resultant  multi-objective  optimal  design.  The  relative  changes  in  the 
objective  function  values  with  respect  to  the  initial  unidirectional  plate  are  shown  in  Fig. 
5.  A  strong  tendency  was  observed  in  the  optimum  designs  to  result  in  “sandwich”  type 
laminate  configurations  with  a  constrained  thick  matrix  core  (sublaminates  2,  3)  and 
angle-ply  composite  skins  (sublaminate  1)  that  provided  stiffness  and  strength.  The  same 
tendency  was  also  observed  with  the  beam  design  but  was  less  predominant.  This  inter- 
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Fig.  4  Frequency  response  functions  of  the  initial  and  optimal  designs  of  the 

composite  beam 

esting  result  was  the  direct  benefit  of  introducing  unified  micromechanics  into  the 
analysis,  and  consequently,  the  FVRs  into  the  design  parameters.  The  optimal  designs 
varied  drastically  in  optimal  thickness  shapes,  ply  angles,  and  FVRs,  which  demonstrated 
the  inherent  tendency  of  composite  structures  to  get  overdesigned. 

The  resultant  frequency  response  functions  of  the  transverse  y-axis  deflection  at  the 
foremost  corner  of  the  plate  (x=16  in,  z=8  in),  where  the  maximum  dynamic  deflection 
was  observed  for  almost  all  optimal  designs,  are  plotted  in  Fig.  6.  Interestingly,  the 
minimum  weight  design  has  the  higher  resonance  amplitudes,  even  than  the  baseline 
plate,  illustrating  the  unsuitability  of  the  minimum  weight  design  for  improving  the 
dynamic  performance.  As  both  case  studies  illustrated,  optimal  design  methodologies 
neglecting  the  damping  capacity  of  composite  materials  and  its  controllable  anisotropy 
may  lead  to  structures  with  inferior  dynamic  performance  near  the  resonance  regimes, 
hence,  they  appear  unsuitable  for  optimizing  the  dynamic  performance  of  composite 
structures. 
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Fig.  5  Relative  changes  in  the  objective  functions  (composite  plate). 


Table  3.  Multi-objective  optimum  designs:  Composite  Plate 


Baseline 

Single-Objective  Designs 

min  FI  min  F2  min  F3 

Multi-Objective 

Ply  Angles,  (degrees) 

0i 

0.0 

n.74 

24.91 

33.97 

24.23 

02 

0.0 

-83.10 

50.38 

68.88 

49.92 

03 

0.0 

-4.06 

56.22 

-47.84 

-52.70 

Fiber  volume  ratios 

kn 

0.50 

0.700 

0.698 

0.225 

0.301 

kf2 

0.50 

0.010 

0.010 

0.010 

0.010 

k0 

0.50 

0.010 

0.010 

0.010 

0.010 

SUMMARY 

Research  work  at  NASA-Lewis  Research  Center  on  the  development  of  optimal  design 
methodologies  for  optimizing  the  damping  of  composite  structures  and  their  dynamic 
performance  was  summarized  The  design  methodologies  provide  the  option  of  multiple 
objective  functions,  and  may  tailor  composite  parameters  at  multiple  scale  levels  of  a 
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Fig.  6  Frequency  response  functions  of  the  initial  and  optimal  designs  of  the 

composite  plate 

composite  structure.  The  structural  dynamic  analysis  included  the  effects  of  composite 
passive  damping  on  the  dynamic  response  of  composite  structures  via  integrated  microm¬ 
echanics,  laminate,  and  structural  damping  theories.  Performance  constraints  were 
imposed  on  static  displacements,  static  stresses,  dynamic  resonance  amplitudes,  natural 
frequencies,  and  dynamic  stresses.  The  described  method  has  been  integrated  into  an 
in-house  research  code  [16]. 

Basic  application  cases  illustrating  the  optimal  design  of  a  cantilever  composite  beam  and 
a  cantilever  plate  were  reviewed.  All  cases  illustrated  that  optimal  tailoring  may  signifi¬ 
cantly  improve  the  damping  capacity  of  composite  structures  and  result  in  superio- 
dynamic  performance.  It  was  also  demonstrated  that  the  damping  capacity  of  composites 
is  an  important  factor  in  designing  light-weight,  low-cost  composite  structures  of  im¬ 
proved  dynamic  performance.  The  multi-objective  optimization  was  proved  superior  in 
minimizing  the  competing  requirements  involved.  The  optimizations  with  single-objective 
functions  have  shown  a  strong  tendency  to  overdesign  the  structure  and  did  not  improve 
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all  objectives.  The  resultant  optimal  designs  illustrated  that  both  material  (fiber  orienta¬ 
tion  angles,  fiber  volume  ratios)  and  shape  parameters  contributed  to  the  obtained 
improvements.  Overall,  the  applications  of  the  method  appeared  very  encouraging. 
Additional  studies  on  more  complex  structural  configurations  and  dynamic  excitations 
may  well  worth  the  effort,  therefore,  are  recommended  as  future  research  topics. 
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ABSTRACT 

Many  of  the  complex  space  structures  proposed  for  future  space  missions  will  utilize  en¬ 
hanced  damping  to  meet  stringent  performance  requirements.  The  enhanced  damping  is 
necessary  to  prevent  excessive  slew/settle  times,  unacceptable  jitter  levels,  and  harmful  con¬ 
trols/structures  interactions.  There  are  currently  no  documented  integrated  design  method¬ 
ologies  for  designing  damping  into  complex  structures  early  in  the  design  process. 

In  this  paper,  an  optimum  design  methodology  is  presented  for  truss  structures  aug¬ 
mented  with  constrained  layer  viscoelastically  damped  members.  The  methodology  is  pre¬ 
sented  as  a  two  stage  procedure.  In  the  first  stage,  efficient  locations  for  the  passive  members 
are  found  heuristically,  thus  avoiding  a  computationally  burdensome  combinatoric  optimiza¬ 
tion  problem.  In  the  second  stage,  a  formal  optimization  procedure  is  used  to  simultaneously 
size  both  the  truss  members  and  the  passive  members.  Values  for  the  design  variables  at  the 
optimum  design  are  found  by  solving  a  sequence  of  approximate  problems.  Each  approxi¬ 
mate  problem  is  constructed  using  design  sensitivity  information  in  conjunction  with  first 
order  Taylor  series  expansions.  The  sizing-type  design  variables  treated  in  the  optimum  de¬ 
sign  procedure  are  inert  structural  member  cross  sectional  dimensions,  passive  member  cross 
sectional  dimensions,  passive  member  viscoelastic  layer  and  constraining  layer  thicknesses. 

The  complex  space  structure  design  problem  is  posed  as  a  nonlinear  mathematical  pro¬ 
gramming  problem  in  which  an  objective  function  critical  to  adequate  mission  performance 
(e.g.,  line-of-sight  errors  or  settling  time  following  slew)  is  to  be  minimized.  Limitations  con¬ 
sidered  during  the  design  procedure  include  an  upper  bound  weight  cap,  dynamic  response 
constraints  (which  represent  additional  mission  requirements),  and  side  constraints  on  the 
design  variables. 

*  Staff  Engineer 
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INTRODUCTION 


Stringent  performance  goals  for  future  space  missions  will  require  minimum  levels  of 
udesigned-in”  damping.  The  necessary  levels  of  damping  can  be  added  through  either  active 
or  passive  means.  Active  damping  requires  sensors  and  actuators,  a  source  o^  power,  and  a 
compensator  (control  law)  which  gives  good  performance  and  remains  stable  in  the  wake  of 
structural  parameter  uncertainty  and  change.  Passive  damping  requires  high  loss  viscoelastic 
or  fluid  materials  and  thermal  control.  For  some  space  systems,  the  lack  of  adequate  power 
margins  and  the  potential  for  gross  structural  parameter  perturbations  suggest  that  passive 
damping  methods  are  the  method  of  choice. 

Recent  developments  in  analysis  and  fabrication  techniques  have  led  to  the  consideration 
of  constrained  layer  viscoelastically  damped  members  for  vibration  suppression.  Bronowicki 
et  al.  [1]  derived  a  special  purpose  finite  element  for  use  in  analyzing  such  members.  In 
addition,  Reference  1  is  notable  for  the  fabrication  and  hardware  verification  of  the  pas¬ 
sive  members.  Hedgepeth  [2]  derived  simplified  design  equations  for  use  with  segmented 
constraining  layer  VEM  damped  members.  His  results  yielded  expressions  for  the  real  and 
complex  stiffness  of  +hese  memb  .  •  when  axially  (he.,  when  used  a«  tn'«?  members) 

In  order  to  utilize  passive  members  on  complex  space  structures,  automated  design  proce¬ 
dures  are  needed  which  employ  these  analysis  methods. 

The  approach  used  in  the  current  work  was  to  start  at  the  element  level  and  develop 
a  design-oriented  procedure  for  passively  damped  structures.  Other  approaches,  Gibson 
and  Johnson  [3],  for  example,  have  developed  system  level  optimization  capability  utiliz¬ 
ing  a  prepackaged  finite  element  code  such  as  NASTRAN  in  conjunction  with  the  ADS  [4] 
optimizer.  Because  a  prepackaged  finite  element  code  was  used,  the  viscoelastic  damping 
treatment  had  to  be  modeled  using  standard  elements,  such  as  the  QUAD4,  HEXA,  and/or 
PENTA  elements,  and  sensitivities  had  to  be  computed  numerically.  Starting  at  the  ele¬ 
ment  level  allows  the  calculation  of  element  design  sensitivities  in  closed  form  for  use  with 
gradient-based  optimization  packages.  The  closed  form  element  level  sensitivities  avoids 
the  computational  intensity  of  finite  difference-based  sensitivity  information.  Furthermore, 
the  availability  of  inexpensive  and  a.ccurate  gradients  gives  credence  to  the  construction  of 
high  quality  approximations  for  use  during  the  optimization  procedure.  These  high  quality 
approximations,  in  conjunction  with  a  suitable  nonlinear  mathematical  programming  proce 
dure,  allows  many  optimum  design  problems  to  be  solved  in  relatively  few  complete  dynamic 
analyses. 

In  the  current  study,  the  design  problem  is  posed  as  a  combinatoric  optimization  problem 
in  which  passive  member  placement,  inert  member  cross  sectional  dimensions,  and  passive 
member  cross  sectional  dimensions  are  treated  simultaneously  as  design  variables.  By  de¬ 
signing  the  inert  and  passive  members  simultaneously,  strain  energy  can  be  funneled  into  the 
passive  members,  thus  yielding  suitable  levels  of  damping.  The  design  optimization  proce¬ 
dure  is  applied  to  a  problem  where  purely  mass  and  stiffness  redistribution  has  little  chance 


DCB-2 


for  success  due  to  the  broadband  nature  of  the  disturbance. 


OPTIMUM  DESIGN  PROBLEM  STATEMENT 


The  optimum  design  problem  used  for  this  work  is 


min  LOS(d,t) 

(1) 

subject  to 

g(d,t)  <  0 

(2) 

along  with  the  side  constraints 

d!  <d<du 

(3) 

where  it  is  understood  that  d  is  the  vector  of  design  variables  for 

the  inert  truss  members 

and  the  passive  members. 

The  design  problem  stated  in  equations  (1)  through  (3)  corresponds  to  a  spacecraft 
design  problem  where  maximum  performance  is  obtained  by  minimizing  a  single  specified 
performance  index,  such  as  a  line-of-sight  (LOS)  pointing  error.  Other  restrictions  on  the 
performance  of  the  spacecraft,  such  as  an  upper  bound  mass  cap,  limits  on  the  travel  of 
key  optical  or  sensor  components,  limits  on  the  loads  induced  in  fragile  sensor/electrical  as¬ 
semblies,  and  dynamic  stability  margins  for  controlled  structures,  are  specified  as  additional 
constraints,  g. 

Figure  1  contains  schematics  of  the  inert  truss  design  elements  and  the  passive  member 
design  elements.  For  the  inert  truss  design  elements,  the  inside  diameter  and  wall  thickness  of 
the  member  are  the  design  variables  whereas  the  reciprocal  of  the  cross  sectional  area  is  used 
as  the  optimization  variables.  For  the  passive  members,  the  design  variables  are  the  inside 
diameter  of  the  base  tube  and  it’s  wall  thickness,  the  thickness  of  the  viscoelastic  material, 
and  the  thickness  of  the  constraining  layer.  Optimization  variables  for  the  passive  members 
are  the  reciprocal  of  the  area  of  the  tube,  the  viscoelastic  material,  and  the  constraining 
layer.  A  100%  mass  penalty  was  applied  to  each  passive  member  to  account  for  thermal 
control  hardware. 

The  system  optimization  problem  posed  in  equations  (1)  through  (3)  is  an  implicit  com¬ 
binatoric  optimization  problem.  The  task  of  placing  the  passive  members  on  the  structure 
for  maximum  effectiveness  gives  rise  to  the  combinatoric  nature  of  the  problem.  Further¬ 
more,  both  the  objective  function  and  the  constraints  are  complicated  implicit  functions  of 
the  design  variables.  A  limited  number  of  solution  methods  exist  for  this  class  of  problems, 
all  of  which  are  computationally  burdensome. 
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SOLUTION  METHODOLOGY 


An  alternative  solution  methodology  is  to  separate  the  combinatoric  and  implicit  aspects 
of  the  problem  and  attack  each  subproblem  individually.  A  flow  diagram  for  such  a  proce¬ 
dure  is  shown  in  Figure  2.  Placing  the  passive  members  at  efficient  locations  on  the  structure 
involves  solving  a  heuristic  subproblem.  One  solution  to  the  heuristic  subproblem  is  to  place 
the  passive  members  in  regions  of  high  strain  energy  for  the  modes  that  are  to  be  damped. 
Optimum  values  for  the  design  variables  are  then  found  using  a  formal  optimization  proce¬ 
dure  with  the  locations  of  the  passive  members  fixed.  The  formal  subproblem  replaces  the 
implicit  problem  posed  in  equations  (1)  through  (3)  with  the  explicit  approximate  problem 

t5l 

min  LC)S(d,  t)  (-1) 

subject  to 

g(dj)  <  0  (5) 

along  with  the  side  constraints 

dl  <d<  du  (6) 

where  both  the  objective  function  and  the  constraints  have  been  replaced  by  the  explicit 
hybrid  [b]  first  order  Taylor  series,  LOS  and  y,  respectively. 

Smut  ion  of  the  bnplicit  optimum  design  problem  posed  in  equations  (1)  through  (3) 
p.  on  i  lls  by  ..olv”  „  sequence  of  heuristic  and  formal  subproblems.  Each  formal  subproblem 
involves  solving  a  sequence  of  approximate  problems  (stated  in  equations  (4)  through  (6)). 
A  pictorial  description  of  the  complete  solution  sequence  to  the  original  optimum  design 
problem  is  shown  in  Figure  2. 


SYSTEM  DESCRIPTION 

1  he  structural  dynamic  equations  of  motion  for  the  class  of  problems  dealt  with  here, 
naiiii-iv  tru'-'-  striatums  augmented  with  passive  members,  can  be  written  as 

MV.  f  i  A",  f  KV)Z  =  R  (7) 

U  i  ■!,<■  .<  '  t.»r  ...r  .•••;, -mail v  applied  loads,  M  is  the  rr  ess  matrix  A’,  is  the  real  port  jot 
of  '  f .  <  -u  i  m  <  ■  *  u;  .A  •  title.*-  -•  1 1  :.e  nx .  a  ml  K.  is  t.lie  complex  portion  of  t.h«-  .t  ifFness  mat  rix.  It' 

•  ‘  •  r i 5 { > i *  -  •:  f > •  < r  ?  i  ■  r i  of  '  h* ■  •  matrix  arises  due  to  the  complex  mat e;  in !  pr« q»«  rt  i< •  of  t  iu 

vi  •••  **'l.i  ,i  u  n-.ii'-nai  I  ;  im*  the  undamp*  d  normal  modes  of  the  stru«-tu;»-,  namely. 

/  O'l  '  N 


equati.u.  i  *  i  '  .i ,i  in-  i H:  :•  <i  tirst  onl*-r  form  as 


where  the  system  plant  matrix  is  given  by 

A=\  0  / 

-u1  -<f>TKp4> 

the  state  X  is  the  vector  of  stacked  modal  displacements  and  velocities 


-{;} 


and  the  input  matrix  is 


The  M  and  K3  matrices  are  computed  for  the  truss  elements  in  the  usual  finite  element 
manner.  The  Ka  and  Kp  matrices  are  computed  for  the  segmented  constrained  layer  passive 
members  using  the  analysis  methodology  presented  in  Reference  2.  The  effective  stiffness  of 
the  passive  member  can  be  written  in  terms  of  the  stiffness  of  the  tube  wall,  kw,  and  the 
stiffness  of  the  constraining  layer,  kc,  as 


k,t{  = 


km  T  kc 

1  i  kc  tanh (Dl) 
L  ^  k„  D 


The  D  parameter  is  related  to  the  shear  lag  length  r  by 

D  =  k.  (.4) 

The  shear  lag  length,  which  is  used  for  determining  the  lengths  of  the  segments  of  the 
constraining  layer,  is  given  by 


where  Gvem  is  the  complex  shear  stiffness  of  the  VEM.  Sensitivity  information  at  the  element 
level  is  found  by  taking  the  deriva^'/e  of  the  effective  stiffness  of  the  passive  member  with 
respect  to  the  design  variables. 

Solution  of  equation  (9)  for  the  system  response  due  to  external  loads  is  accomplished 
by  computing  the  complex  modes  of  the  system  plant  A  and  solving  the  resulting  uncoupled 
equations  in  the  frequency  domain. 
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EXAMPLE  PROBLEM 


The  structure  shown  in  Figure  3  will  be  used  to  demonstrate  the  benefits  of  the  previously- 
described  optimization  procedure.  The  structure  is  a  scaled  version  of  a  proposed  Space 
Based  Interferometer  [7].  Two  13  meter  arms  run  out  from  the  sides  of  the  interferometer  and 
hold  light-collecting  telescopes  at  the  tips.  The  11  meter  tower  contains  a  telescope  running 
down  its  center  while  laser  metrology  equipment  is  mounted  at  the  end  of  an  additional 
11  meter  truss.  In  an  undeformed,  perfectly- aligned  ctate,  the  two  13  meter  arms  give  an 
optical  path  length  (baseline)  of  26  meters. 

Dynamic  distrubances  from  the  attitude  control  system  reaction  wheels  are  fed  into  the 
structure  at  the  central  bay.  The  interferometer  can  acquire  data  when  the  relative  alignment 
(tip  and  tilt)  of  the  collecting  telescopes  is  less  than  8/irad  and  the  optical  path  length  does 
not  substantially  deviate  from  26  meters.  Therefore  the  design  optimization  problem  is  to 
minimize  path  length  deviations  from  26  meters  while  maintaining  relative  tip  and  tilt  of 
the  collecting  telescopes  within  8/xrad.  An  upper  bound  mass  cap  of  252  kg  is  also  imposed 
on  the  system.  This  cap  corresponds  to  the  preliminary  design  mass  of  the  completely  inert 
system  (without  passive  member  augmentation). 

The  purely  inert  preliminary  design  of  the  SBI  was  used  as  the  point  of  departure  for 
the  optimum  design  procedure.  The  performance  of  the  interferometer  at  the  preliminary 
design  is  shown  in  Figure  4.  Unacceptable  optical  lengths  and  relative  tip  and  tilt  motion 
of  the  collecting  telescopes  exceeding  8/irad  were  obtained.  The  modes  at  4.4,  16.4,  19.0, 
27.7,  and  36.9  Hz  needed  damping  augmentation  to  achieve  the  performance  goals.  It  should 
be  noted  that  purely  structural  methods  (i.e.,  mass  and  stiffness  redistribution)  are  doomed 
to  failure  in  this  case  because  of  the  wide  band  disturbance  and  the  stringent  performance 
levels  required.  Locations  for  the  passive  members  were  determined  by  examining  regions 
of  high  strain  energy  for  the  modes  which  needed  damping  augmentation.  This,  in  effect, 
results  in  a  solution  to  the  heuristic  placement  subproblem.  A  total  of  56  passive  members 
were  added  to  the  system. 

The  performance  of  the  interferometer  following  optimization  is  shown  in  Figure  4.  Opti 
ca!  length  deviations  have  been  reduced  from  3.16  [i m  to  0.11  fim  while  bringing  the  relative 
tip  and  tilt  motion  of  the  collecting  telescopes  down  to  acceptable  levels.  The  peak  tip  and 
tilt  motions  at  the  optimum  design  are  7.5  /rrad  and  7.8  /xrad,  respectively,  having  been 
reduced  from  27.7  /trad  and  48.3  /trad  at  the  initial  design.  A  comparison  of  damping  levels 
at  the  intial  design  and  the  optimum  design  for  each  of  the  modes  below  40  Hz  are  shown 
in  Table  1.  Though  a  large  number  of  passive  members  were  added,  the  design  optimization 
procedure  managed  to  meet  the  mass  cap  of  252  kgs  and  reduce  the  interferometer  baseline 
by  a  factor  of  28.7. 
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Table  1:  Initial  and  Optimum  Frequencies  and  Damping  Ratios 


CONCLUDING  REMARKS 

An  integrated  inert  truss/passive  truss  member  design  optimization  methodology  has 
been  developed.  The  methodology  treats  both  structural  design  variables  and  passive  mem¬ 
ber  design  variables  simultaneously  in  the  optimization  procedure.  By  employing  a  two  stage 
heuristic/formal  subproblem  solution  procedure,  the  computational  burden  associated  with 
placing  the  passive  members  on  the  structure  is  avoided.  A  solution  for  the  implicit  for¬ 
mal  subproblem  is  found  in  relatively  few  complete  dynamic  analyses  by  solving  an  explicit 
approximate  problem.  Design  sensitivity  information  was  efficiently  computed  by  differenti¬ 
ating  a  closed  form  expression  for  the  complex  stiffness  of  the  passive  members.  The  design 
optimization  procedure  is  a  mission-enabling  technology  for  future  space  missions  with  ex¬ 
tremely  stringent  dynamic  performance  requirements  where  purely  structural  solutions  fail. 
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Figure  2:  Optimum  Design  Solution  Procedure 
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ABSTRACT 


Complex  damping  theory  is  a  useful  tool  in  analysis  of  energy 
transformations  among  modes  of  a  vibration  system.  Based  on  this  theory, 
there  are  many  applications  and  improvements  in  the  areas  of  system 
identification,  vibration  control  and  damper  optimization  design. 

This  paper  presents  an  application  of  the  theory  in  regard  to  finite 
element  model  corrections.  First,  a  common  shortfall  of  usual  correction 
procedures  is  analyzed.  In  order  to  deal  with  this  problem,  a  correct 
correspondence  rule  is  then  proposed.  With  the  help  of  complex  damping 

coefficients,  improvements  to  certain  correction  procedures  are  discussed. 
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INTRODUCTION 


The  dynamic  performance  of  a  structure  may  be  characterized  by  different 
mathematical  models.  Among  them,  the  modal  model  and  the  physical  model 
are  most  frequently  seen.  A  modal  model  which  consists  of  a  set  of  modal 
parameters  is  often  used  in  harmonic-related  vibration  control,  in  dynamic 
behavior  analysis,  and  in  physical  model  modification.  Since  a  modal  model 
is  essentially  a  dynamic  representation  of  the  physical  model  in  the  modal 
domain.  The  transformation  of  physical  coordinates  into  modal  coordinates 
is  always  accompanied  by  a  certain  loss  of  information,  a  modal  model  is 
generally  considered  to  be  a  weak  model  but  relatively  easy  to  obtain. 

A  physical  model  consists  of  three  coefficient  matrices:  The  mass, 
damping  and  stiffness  matrices.  If  such  a  model  is  known,  all  the  modal 
parameters  can  be  calculated.  Conversely,  a  physical  model  can  not  be 
determined  in  general  from  a  modal  model.  In  this  regard,  a  physical  model 
is  considered  superior  than  a  modal  model. 

In  engineering  practice,  a  physical  model  is  not  always  available  because 
not  all  the  coefficient  matrices  can  be  directly  measured.  The  measurable 
quantities  are  often  the  various  dynamic  responses  arid  modal  parameters  of 
the  structural  system.  Based  on  these  data,  we  can  typically  generate  an 
approximate  model  -  an  analytical  model,  using  the  finite  element  method 
(FEM).  In  most  cases,  the  analytical  model  is  inaccurate  and  requires 
various  adjustments  or  corrections.  In  the  past  decades,  many  attempts 
have  been  made  to  develop  better  algorithms  to  modify  the  FEM  models.  At 
present,  the  need  to  develop  appropriate  algorithms  continues  to  exist. 


From  the  analytical  model  to  the  physical  model,  an  important  step  is  to 
perform  model  corrections.  In  a  general  model  correction  procedure,  the 
goal  is  to  obtain  a  set  of  coefficient  matrices,  mass  M,  damping  C  and 


stiffness  K  What  we  have  at  the  beginning  is  the  analytical  model  data 
M<a\  C'a)  and  K  a' .  along  with  some  dynamic  parameters  of  the  physical 


model,  such  as  measured  response  X  m  and/or  modal  parameters;  Undamped 

(  rn )  .  _  (  m  )  ,  ,  ,  (rti)T 

natural  frequencies  Q  ,  damping  ratios  z.  and  mode  shapes  p  .in 
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each  step  of  the  corrections,  we  obtain  certain  corresponding  matrices 
M(1)  ,  C<1)  and  KU  1  as  approximations  to  the  real  M,  C  and  K.  Then  we 
typically  compare  the  measured  response  Xlm>  and/or  modal  parameters  n(m>, 
H(b>  and  PtB>,  with  the  calculated  response  X(1>,  and/or  modal  parameters 
1  ’ ,  5(  1  *  and  Ptl>  from  the  revised  analytical  model.  If  the  discrepancy 
between  the  two  sets  of  data  is  less  than  a  certain  preset  level,  then  the 
revised  analytical  model  is  accepted  as  the  physical  model.  Otherwise,  the 
correction  procedure  is  continued. 


In  such  a  correction  procedure  described  above,  a  number  of  factors  can 
influence  the  final  result.  There  are  many  existing  algorithms  that  do  not 
converge  in  general.  For  those  that  converge  may  have  problems  in 
targeting  the  correct  M,  C  and  K  because  the  comparison  criterion  used  is 
not  sufficiently  comprehensive. 


In  this  paper,  we  propose  an  alternative  Judgment  on  the  effectiveness  of 
model  corrections.  Our  discussions  will  be  restricted  to  finite  element 
models  and  their  corrections  under  the  assumption  that  the  models  are 
linear,  t i me- invariant  and  have  lumped-masses. 


RESPONSE-FITTING 

One  of  the  simplest  model  correction  methods  is  the  time  domain  response¬ 
fitting.  In  order  to  carry  out  this  method,  a  time  history  (or  transfer 
function)  of  the  testing  structure  must  first  be  recorded.  The  time 
history  can  be  a  free  decay  response  with  an  initial  Input  such  as  sine- 
burst,  white  noise-burst,  Impulse,  etc.  Or  it  can  be  a  forced  response 
under  an  excitation  such  els  sinusoidal,  sine-sweep,  sine-dwell,  pseudo 
white-noise  or  simulated  seismic  ground  motion.  In  a  caLrefully  conducted 
experiment,  the  measured  response  is  considered  "noise-free".  Thus  it  is 
ready  to  be  used  as  the  correction  reference.  Once  the  reference  is 
available,  corresponding  samples  are  collected  from  a  calculated  response 
of  the  amalytical  model  with  same  initial  phases  and  time  intervals.  Then 
by  using  certain  mathematical  techniques  such  as  the  least-square  method 
or  the  max i mum- 1  ike  1 i hood  method,  a  cost  function  is  generated  to  measure 
the  discrepancy  between  the  two  responses.  Equation  (1)  gives  a  least- 
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f  1) 


square  cost  function  (Natke,  1988). 


J  =  I  I  a 
1=1  j=i  ij 


,  ( m)  (a)  .2 

(  X.  .  -  X  ) 


i  J 


IJ 


where,  x|"*  and  x|*}  are  the  1th  samples  of  measured  and  calculated 

responses  from  the  Jth  node  respectively.  The  total  number  of  samples  from 
each  source  is  p  and  the  number  of  nodes  is  n.  are  weighted 
coefficients.  In  general,  at  certain  nodes,  samples  are  measured  more 
accurately  than  at  other  places,  the  weighted  coefficients  of  these 
samples  will  then  be  assigned  with  greater  values.  Conversely,  the  tail 
of  a  free  decay  response  is  thought  to  have  poor  signal-to-nolse  ratio, 
the  weighted  coefficients  of  samples  from  this  portion  will  be  assigned 
with  smaller  values. 


The  value  of  J  indicates  whether  the  analytical  model  is  close  to  the 
physical  model.  When  the  response  of  the  analytical  model  does  not  fit  the 
response  of  the  structural  system,  J  will  assume  a  large  value.  Corrections 
to  the  analytical  model  will  then  be  made  to  reduce  the  value  of  J. 

Due  to  several  reasons,  response-fitting  is  often  considered  unsatisfactory 
in  terms  of  its  model  correction  effect.  First,  when  a  given  excitation 
with  a  nearly  straight  spectrum,  the  structural  response  should 
theoretically  incorporate  the  influences  of  all  modes  of  the  structural 
system.  However,  lower  modes  are  usually  associated  with  large  percentage 
of  the  total  energy  Involved,  these  modes  have  dominate  influence  to  the 
response.  In  fact,  most  engineering  applications  only  require  to  consider 
the  first  mode.  Therefore,  information  from  the  higher  modes  may  be  lost 
in  the  response. 

Secondly,  despite  the  measured  response  being  assumed  noise-free,  noise 
can  not  be  completely  eliminated.  The  commonly  used  noise-reduction 
techniques  in  response-fitting  are  essentially  pre-treatments  such  as 
averaging  the  noise  in  the  frequency  domain.  Since  the  participating 
factors  of  higher  modes  are  relatively  small,  these  modes  give  poor 
signal-to-noise  ratios.  The  existence  of  these  modes  can  hardly  be 
identified  in  a  response  function.  Consequently,  the  order  of  the 
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reference  can  not  be  determined  by  the  response-fitting  method  unless  more 
sophisticated  time  domain  modal  analysis  is  used.  It  is  conceivable  that 
without  prior  knowledge  of  the  reference  order,  response-fitting  is  more 
likely  to  accept  a  degenerate  model  with  only  the  first  few  modes  of  the 
real  structural  system. 

Thirdly,  the  higher  modes  decay  faster  than  the  lower  modes  in  a  free 
decay  response.  This  may  also  induce  the  problem  of  losing  information 
from  the  higher  modes  in  a  recorded  response. 

Example  1:  Figure  1  (a)  shows  a  five  story  structure.  This  model  steel 
frame  is  considered  to  have  at  least  fifteen  degrees-of- 
freedom.  A  free  decay  time  history  measured  at  a  point  on  the 
third  floor  of  the  frame  is  shown  in  Figure  1  (b).  Two  other 
responses  are  also  given  here.  They  are  calculated  responses 
from  two  analytical  models  one  with  2  DOF  the  other  with  3  DOF. 
Although  the  15  DOF  structure  should  not  be  treated  as  a  2  or  3 
DOF  system,  by  using  response-fitting,  we  could  have  accepted  the 
2  or  3  DOF  analytical  model  as  the  real  physical  model. 


FREQUENCY-FITTING 


Frequency- f itt ing  is  another  commonly  applicable  method  for  model 
corrections.  The  reference  in  this  method  is  the  measured  natural 
frequencies  which  are  either  obtained  directly  from  vibration  test  or 
extracted  through  modal  analysis.  The  two  ways  give  damped  and  undamped 
natural  frequencies  respectively.  The  number  of  the  natural  frequencies 
collected  in  the  reference  corresponds  to  the  order  of  the  structural 
system.  So  there  has  no  problem  in  determining  the  number  of  modes  in  the 
system.  The  cost  function  is  given  by 
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where  w<m)  and  w<al  are  the  measured  and  calculated  undamped  natural 

l  l 

frequencies  of  the  1  mode  respectively,  a  are  the  corresponding 
weighted  coefficients.  Since  this  method  utilizes  information  from  all 
relevant  natural  frequencies,  which  have  been  accurately  measured,  it  has 
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better  overall  performance  over  the  response-fitting  method.  Especially, 
frequency-fitting  is  suitable  for  correcting  models  with  many  higher  modes 


Equation  (2)  can  be  further  modified  by  including  both  the  natural 
frequencies  and  the  damping  ratios  in  J. 


n 

J  =  Z 
1  =  1 


,  (oi)  (a), 2  a  .  _(n)  _(a),2 

11  1  1  S1  s  1 


(3) 


denotes  the  ith  damping  ratio  of  ( m )  or  (a).  This  improved 


where 

Equation  (3)  is  suitable  for  correcting  models  demanding  high  accuracy  for 
both  natural  frequencies  and  damping  ratios. 


A  useful  variation  of  the  above  method  is  the  less  accurate  FRF  curve- 
fitting  technique.  Similar  to  Equation  (1),  the  cost  function  in  this 
case  is 

J  =  Z  a  (f<B)  -  f(a))2  (4) 

l  i  l 

1  =  1 

where  f  j '  is  the  1th  sample  taken  from  the  reference  FRF  (m)  or  the 
analytical  FRF  (a),  p  is  the  total  number  of  samples.  Selection  of  weighted 
coefficients  is  empirical.  If  the  FRF  samples  are  collected  from  a  forced 
response  with  a  feedback  controlled  excitation  whose  input  spectrum  has 
been  kept  a  straight  line,  then  are  the  same  for  all  1  =  1 . n. 


In  using  Equation  (2),  a  correspondence  between  the  referential  and  the 
analytical  frequencies  must  be  established  first.  One  such  correspondence 
is  described  below. 


Consider  the  two  sets  of  natural  frequencies 

{w<m)|  1  =  1 . n  }  and  {  u 

i  1 

First,  arrange  them  by  a  linear  ordering 

( m)  ( m)  ( ra)  ( m) 

CJ  5  u>  S  U)  S  .  3  w 

111  1 


1  2  3 
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(a)  _  (a)  _  (a) 

U)  5  w  <  u 

\  J2  J3 
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(a) 

u) 

1 
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(  a) 

i 


J  =  1 . n  > . 


(5) 


where  the  subscripts  are  some  permutations  of  1 ,  2,  ....  n.  Then  the 
frequencies  are  paired  according  to  the  ordering.  With  this  one-one 
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correspondence,  Equation  (2)  can  be  restated  as 

+  a 


J  =  a  (  w(m)  -  wla))2+  a  (  wlm>  -  w'a>)2+  . 
‘  \  J,  2  's  1 2 


(  m)  ( 4)  v  2 

(j)  -  0)  ) 

i  J 

n  n 


Such  a  correspondence  has  the  nice  mathematical  property  that  it  gives  the 
cost  function  J  the  smallest  value  when  the  weighted  coefficients  in 
Equation  (2)  are  the  sane. 


There  are  some  problems  with  response-fitting  method  too.  This  can  be  seen 
from  the  following  example. 


Example  2:  A  4  DOF  structure  is  shown  in  Figure  2  (a).  Its  physical  model 

and  an  analytical  model  have  the  generalized  damping  and  stiffness 
matrices  as  given  in  Table  1  (a),  (b)  respectively.  Figure  2  (b) 
gives  two  FPJF’s,  in  which  the  dotted  curve  is  from  the  physical 
model  and  the  dashed  curve  is  from  the  analytical  model. 


Table  1  (a)  Generalized  Damping  Matrices  M  *C 


Physical 

Analytical 

27.3598  -19.2436  -22.8993  24.2555 

6.3384-1.3278-1.2976  0.6308 

32.2713  1.7445  -23. 1446 

3. 1574  -0.7730  -1. 1894 

43.2177  -32.4571 

3. 1408  -1.6335 

49. 1511 

2.5634 

Table  1  (b)  Generalized  Stiffness  Matrices  M  'K  1,000  x 


Physical 

Analyt ical 

8.3284  -2.7139  -2.6032  2.3111 

8.3130  -2.7085  -2.5973  2.3056 

1.8560  0.1289  -0.8413 

1. 8549  0. 1266  -0.8398 

2.3377  -1.5225 

2.3361  -1.5209 

1. 4619 

1 . 4607 

Tt  is  ciear  that  the  generalized  damping  matrices  of  these  two  models  are 
quite  different.  In  fact,  the  physical  model  is  non-proportional ly  damped 
whereas  the  analytical  model  is  proportionally  damped.  (  most  finite 
element  algorithms  only  generate  proportionally  damped  models  ). 
Consequently,  the  mode  shapes  of  these  two  models  are  different.  The  first 
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model  has  complex-valued  mode  shapes  but  the  second  has  only  real-valuea 
ones.  Such  differences  cam  not  be  detected  In  a  single  pair  of  frequency 
response  functions.  Therefore,  curve-f i t t ing  FRF  or  frequency-f i t t 1 ng  is 
inadequate  for  correcting  errors  in  such  category.  This  is  seen  in  Figure 
2  (b),  where,  in  spite  of  the  af orement ioned  differences  between  the  two 
models,  the  two  FRF  still  appear  to  be  close. 


COMPLETE  MODAL-FITTING 

A  more  sophisticated  fitting  method  is  developed  by  Include  the  mode  shape 
influences  into  the  cost  function,  namely 


r  r-  ,  (m)  (a)  ,2  .  ,  _(m)  _(a)  ,2 

J  =  I  a  (w  -  u  )+£(£  -  £  ) 

11  l  l  i  i 

«  -  1 


(  ( m)  (a),H  _  f  (m)  (a)  v 

♦  (  p  -p  )  r  (  p  -p  ) 

i  i  i  *i  *i 


(6) 


where  p* ' 1  is  the  1th  mode  shape,  and  T  is  a  diagonal  matrix  which  consists 

of  weighted  coefficients.  A  simplified  version  of  Equation  (6)  is 

n 

.  _  ,  ( m)  ( a )  , 2 

J  =  E  a  (u  -  u  ) 

1  1  1 

1  =1 


,  On)  ( a)  ,  H  _  ,  (m)  (a), 

(p  -p  )  i  l  p  ~  p  )  . 

*1  *1  l  *i  *1 


(7) 


Since  the  complete  set  of  modal  parameters  is  employed  in  Equation  (6),  it 
1°  called  the  complete  modal- f itt ing.  However,  complete  modal-fitting  does 
not  always  give  a  satisfactory  correction  to  an  analytical  model.  One 
problem  is  related  to  the  mode  shapes.  For  example,  the  error  in  a 
measured  mode  shape  could  reach  as  high  as  500*/..  (Liang  8.  Inman  1988). 
Under  this  circumstance,  the  weighted  coefficients  T  must  be  assigned 
with  very  small  values.  Therefore,  the  modification  effect  from  mode 
shapes  is  limited. 


WEAKNESS  OF  AVAILABLE  CORRECTION  METHODS 

In  the  preceding  sections,  we  briefly  reviewed  some  commonly  used  model 
correction  procedures.  None  of  these  methods  is  sufficient  in  terms  of  the 
correction  effectiveness.  There  are  certain  types  of  errors  in  the 
analytical  model  that  may  not  be  eliminated  through  the  model  corrections. 
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One  of  the  shortfalls  is  that  the  cost  function  J  is  based  on  numerical 
judgments  of  some  necessary  but  not  sufficient  properties  of  the  model. 
Therefore,  no  matter  how  small  the  value  of  J  could  be  reduced  to,  the 
correction  effect  still  may  not  be  greatly  improved.  In  addition,  there 
exist  possible  experimental  errors  as  well.  So  it  is  necessary  to 
establish  more  suitable  criteria  for  evaluations  of  the  correction  effects. 

The  goal  of  model  correction  is  to  obtain  the  correct  M,  C,  and  K  matrices. 
However,  in  many  engineering  applications,  it  is  the  properties  of  the 
structural  system  that  are  of  our  interests.  As  described  at  the 
introduction  section,  using  the  M-C-K  model  we  can  calculate  these 
system’s  properties.  On  the  other  hand,  when  some  of  the  properties  the 
systems  are  known  such  as  the  order  of  the  system,  they  may  be  used  in 
model  corrections.  Following  this  line  of  thought,  we  can  consider  and 
treat  model  correction  on  the  basis  of  its  ability  of  preserving  system 
properties  in  addition  to  its  ability  to  satisfy  the  prescribed  numerical 
criteria  such  as  cost  function  J.  Since  there  is  no  single  property 
of  the  system  that  is  strong  enough  to  guarantee  the  correctness  of  the 
physical  model  (at  least  it  is  the  case  at  present),  the  best  analytical 
model  is  the  one  that  preserves  most  properties  of  the  system. 

CORRECT  CORRESPONDENCE  AND  ITS  INTERPRETATION  IN  MODFI.  CORRECTTomc 

Consider  again  the  5-story  structure  shown  in  Figure  1  (a).  A  diagrammatic 
finite  element  representation  generated  according  to  the  real  measurements 
is  shown  in  Figure  3  (a).  In  Figure  3  (b)  and  (c),  the  modal  deformations 
of  the  first  and  second  modes  of  the  structural  system  are  illustrated. 
Figure  3  (b)  shows  a  simple  translational  mode  and  Figure  3  (c)  shows  a 
simple  torsional  mode.  In  more  complicated  situations,  modes  of  the 
structural  system  may  not  be  as  simple  as  the  ones  given  in  these  figures. 
Nevertheless,  they  posses^  distinct  modal  deformations,  which  cue  the 
most  basic  dynamic  performances  of  the  structural  system.  Since  the 
structural  system  for  testing  is  also  the  object  for  finite  element 
modeling,  the  modal  deformations  of  the  modes  obtained  from  the  two 
approaches  should  be  essentially  the  same,  despite  of  numerical 
disparities  due  to  the  errors  of  measurements  and  calculations.  Based  cn 
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this  observation,  we  investigate  in  the  following  some  possible  model 
correction  methods  that  make  the  revised  analytical  model  preserve  similar 
modal  deformations  as  the  real  structural  system. 

The  invariance  of  modal  deformations  for  the  modes  in  both  physical  and 
analytical  models  can  be  characterized  by  the  correct  correspondence 
between  the  modes  (system  eigenvalues  and  system  eigenvectors)  of  the  two 
models.  Conceptually,  it  is  easy  to  understand  that  such  a  correspondence 
should  relate  the  modes  with  similar  deformations  to  each  other.  To 
establish  such  correspondence  however,  we  have  to  define  the  correct 
correspondence  in  terms  of  model  elements.  In  usual,  the  stiffness  K  and 
the  mass  M  of  the  analytical  model  are  obtained  with  more  accuracy  than 
damping  matrix  C,  a  correct  correspondence  can  be  obtained  easily  between 
the  stiffness  eigenvalues  of  the  physical  and  analytical  models.  Since 
each  individual  mode  is  dominated  by  an  unique  stiffness  eigenvalue,  we 
can  achieve  the  correct  correspondence  of  modes  of  the  physical  and 
analytical  models  by  first  numbering  the  modes  in  each  model  with  respect 
to  the  given  subscripts  of  the  stiffness  eigenvalues  in  that  model,  and 
then  relate  the  modes  according  to  the  correct  correspondence  between  the 
stiffness  eigenvalues  of  the  two  models. 


Examine  the  governing  equation 

MX  +  CX  ♦  KX  =  F  (8) 

where  M,  C  and  K  are  mass,  damping  and  stiffness  matrices  respectively. 
Vectors  X,  X,  X  and  F  denote  the  acceleration,  velocity,  displacement  and 
forcing  function  respectively.  In  free  vibration,  F  is  zero.  Equation  (8) 
becomes 


MX  +  CX  +  KX  =  0  (9) 

Applying  some  matrix  operations  to  Equation  (9),  we  obtain  the  following 
D-A  model 

k 

IY  +  DY  ♦  A  Y  =  0  (10) 

k 

T  1/2 

where  I  is  an  identity  matrix,  and  Y  -  Q  M  X 


D  =  QTM‘l/2C  M‘1/2Q 


and  A*=  QM'1 /2KM_1 /2Q 


u> 


2 

U) 

n 
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Q  Is  an  orthogonal  matrix.  This  is  called  the  canonical  vibration  model  ( 

Liang  et  al  1990  ).  Its  advantage  over  the  general  vibration  model  (9)  lies 

in  the  simplification  of  M  and  K  matrices.  With  A  diagonal,  the  stiffness 

k 

eigenvectors  in  this  model  are  always  (  the  unit  vectors  )  i  =  l,  2,  . . 
n.  Now  we  discuss  how  to  number  the  modes  with  respect  to  subscript  i. 


In  the  case  of  a  proportionally  damped  system,  it  is  known  that  Cnughey’ s 
criterion  (Caughey,  1976) 


D  A  =  A  D  (11) 

k  k 

is  satisfied.  Using  Equation  (111,  we  can  find  an  orthogonal  matrix  R.  By 
applying  R  from  the  left  and  the  Hermitian  transpose  of  R  from  the  right 
to  Equation  (10),  we  have  a  canonical  model  with  both  RDR  and  RA^R 
diagonal.  Such  a  system  is  completely  decoupled.  There  are  n  separate 
single  DOF  equations  each  of  which  corresponds  to  a  mode  of  the  system. 
The  numbering  is  easily  determined  in  the  way  that  the  eigenvalue  of  the 
i  equation, 

y  +  dy  +  uy  =  0 
J  i  r  i  ri 

is  assigned  with  subscript  i. 


Let  A^,  X2>  ....  denote  *-he  system  eigenvalues  and  p^,  pz . p 

denote  the  mode  shapes  of  an  canonical  model.  A  recent  result  by  Liang  et 
al  (1990)  offers  another  convenient  way  to  obtain  the  numbering.  The  result 
unfolds  the  following  property  of  a  proportionally  damped  system 

*i*t=  w2  i  =  1 ,  2,  ....  n  (12) 

where  <j2  is  the  1th  eigenvalue  of  the  stiffness  matrix.  The  subscript  i  in 
(12)  enumerates  the  system  eigenvalues  such  that  it  gives  an  one-one 
correspondence  between  the  system  eigenvalues  X  and  eigenvalues  w2  of  the 
stiffness  matrix.  Since  the  inverse  of  this  result  is  also  valid,  a  system 
satisfying  (12)  is  automatically  proportionally  damped  and  possesses  the 
desired  numbering. 


Using  complex-damping  coefficients,  the  above  numbering  can  be  Justified 
in  terms  of  the  system  energy  relations.  By  definition,  a  complex-damping 
coefficient  is  a  generalized  Rayleigh  quotient 
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q;Dpr 


a  +  b  j  = 
1  i 


1 


q4T  Pr 


i  =  1,  2, 


1 


where  q  Is  an  eigenvector  of  stiffness  matrix,  p  is  a  system  eigenvector. 

ri 

a^  and  b^  are  the  real  and  imaginary  pants  of  c^.  For  a  different  numbering 

of  the  system's  modes,  we  usually  get  a  different  set  of  corresponding 

complex-damping  coeff icients .  Otherwise  the  generalized  Rayleigh  quotients 

are  not  defined  at  all.  As  reported  by  Liang  and  Lee  (1990),  there  is  one 

correct  set  of  complex-damping  coefficients  which  can  be  used  to  describe 

the  energy  trans format  ions  among  the  modes  of  a  vibration  system.  In  their 

report  a  complex  damping  ratio  n  is  defined  as 

Id  =  a  /  2  u>  + 

l  l  l  u  J  u 

wnere  w  is  the  1th  undamped  natural  frequency  and  ^  is  the  ith  damping 
ratio.  The  <;  is  a  ratio  of  the  energy  transformed  in  a  cycle  over  the 
total  energy  stored  before  the  cycle  in  the  1th  mode.  If  ^  is  zero, 
has  no  imaginary  part.  Thus  there  is  no  energy  transformed  into  or  out  of 
the  ith  mode.  Consequently,  such  a  mode  can  be  decoupled  from  the  system. 

By  this  theory,  the  set  of  correct  complex-damping  coefficients  for  a 
proportionally  damped  canonical  vibration  model  is  a  set  of  real-valued 
scalars,  because  in  such  model  every  mode  can  be  decoupled.  This  condition 
is  satisfied  by  the  complex-damping  coefficients  calculated  with  the 
numbering  described  earlier.  In  fact,  this  numbering  is  the  only  one  that 

x 

satisfies  the  requirement  q  p  *  0,  for  complex-damping  coefficients. 

1  r 

l 


For  non-proportional ly  damped  systems,  the  correct  numbering  is  also 

associated  with  the  correct  set  of  complex-damping  coefficients,  which 

describe  the  energy  transformations  among  tbe  coupled  modes.  Although  a 

natural  generalization  of  the  numbering  discussed  for  proportionally 

2 

damped  systems,  namely  relating  a  stiffness  eigenvalue  w  with  a  closest 

\\  ,  is  not  correct  in  general  for  non-proport ional ly  damped  systems,  (see 
Tong  et  al ) ,  given  the  correct  set  of  complex-damping  coefficients,  the 
correct  numbering  is  shown  to  be  unique  (see  Tong  et  al ) .  Therefore,  we 
can  search  the  correct  numbering  from  the  complex-damping  coefficients. 
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By  using  the  correct  correspondence  of  modes  in  model  corrections, 
individual  modes  in  the  corrected  model  preserve  their  deformat  ions.  In  most 
cases,  we  may  produce  a  model  having  similar  energy  transformation  pattern 
to  the  physical  model.  Due  to  the  limit  of  space,  we  omit  the  examples. 


COMPLEX  DAMPING  FITTING  AND  EIGEN-MATRIX  FITTING 

The  first  way  to  improve  the  correction  procedures  is  to  use  the  complex¬ 
damping  coefficients  to  determine  the  correct  correspondence.  The  imaginary 
part  of  a  complex-damping  ratio  satisfies 

u  =  w  exp  (C  ) ,  i  =  1,  2 . n  (13) 

t  n  l 

i 

when  the  system  is  lightly  damped,  i.e. 

|  |  s  0.3  ,  i  =  1,  2,  -  n.  (14) 

Equation  (14)  is  satisfied  with  most  engineering  structures. 


In  Equation  (14),  u  is  the  square  root  of  the  rl  eigenvalue  of  the 

r  1 

l 

generalized  stiffness  matrix,  where  r  is  a  designated  permutation  of 

1,  2 . n.  Thus,  by  using  equation  (14)  and  ,  we  can  determine  the 

correct  correspondence  quantitatively. 

We  propose  a  improved  model  correction  criterion  as  follows. 
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where  are  weighted  coefficients  for  least  square  approximation  of  ratio 
C,  .  The  term  (  ^|a))2  is  a  good  monitor  of  non-proportionality. 

With  the  complex-damping  ratios  available  and  the  systems  considered  being 
lightly  damped,  The  correct  correspondence  can  be  solved  from  Equation  (13). 


A  second  approach  to  deal  with  correct  correspondence  is  to  avoid  using 
the  modal  parameters  mode  by  mode.  Instead  we  can  use  a  more  general 
convergence  pattern  so  that  the  correct  correspondence  Is  assured  through 
the  convergence.  In  this  regard  we  have  a  choice  of  either  using  the  state 
matrix  or  using  the  eigen-matrix.  Because  the  size  of  the  state  matrix  is 
2nx2n,  (supposing  the  order  of  the  system  is  n),  we  consider  the  eigen- 


matrix  whose  size  is  only  nxn. 


Aii  eigen-matrix  A  is  defined  by 

A  =  P  A  P_i  (16) 

where  A  is  a  diagonal  matrix  consists  of  all  eigenvalues  A  ,  i  =  l,...n, 
of  the  system,  and 

A  =  -  ?  u  ±  J(  1-C  )1/2  u  ( 17) 

till  1 

A  matrix  A  has  the  eigen-decomposition  (16),  if  and 

only  if  A  satisfies  the  following  quadratic  matrix  equation: 

H  A2  ♦  C  A  +  K  =  0  (18) 

where  the  coefficient  matrices  M,  C  and  K  are  defined  as  in  Equation  (8). 
From  Equation  (16),  we  can  see  Intuitively,  that  convergence  of  an  eigen- 
matrix  A  involves  global  adjustments  of  all  modal  parameters  Therefore, 
the  problem  of  correspondence  will  not  occur  here.  The  cost  function  can 
be  established  by 

J  =  I)  A(ml-  Ata’ll  (19) 

where  II  .  II  stands  for  a  norm  of  matrix  A(ml-  Ala).  For  example,  it  can 
be  the  Frobenius  norm, 


(ml  <al  ,  2  ,  1/2 
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J  =  II  A(m)~  A(4,IIf  =  {  I  I 

i=i  J  =  l 

where  is  the  ij  entry  of  matrix  A1'  .  Or  it  can  be  a  p-norm,  such 

as  the  2-norm, 


j  =  ||  A(m)-  A(a,ll  =  <  A  !  ( A<m>-  A<a>  )H(  A<m>-  A(a>)]  >1/2 

2  max 


(21) 


where  A  [.]  is  the  maximum  eigenvalue  of  matrix  [.]  . 


CONCLUDING  REMARKS 

In  this  paper,  we  first  examined  several  model  correction  procedures 
and  their  common  weaknesses.  Most  available  methods  emphasize  the  speed  of 
numerical  convergence.  In  this  study  we  pay  attention  to  the  validity  of 
the  corrections.  We  suggested  methods  to  improve  some  of  correction 
procedures  by  using  the  correct  correspondence  between  the  modes  of 
physical  and  analytical  models.  This  study  results  in  the  improvement  of 
finite  element  modeling.  It  is  also  shown  that  a  strong  connection  exist 
between  the  theoretical  studies  such  as  the  complex  damping  theory  and 
the  various  practical  applications. 
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Figure  2  (a)  4  Degree -of-Freedom  Structure 
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Figure  2  (b)  FRf  Curves 
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3  Structure  and  Mode  Shapes 


